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SUMMARY

Streptococcus pneumoniae is a pathogen of global morbidity and mortality. Pneumococcal pneumonia can
lead to systemic infections associated with high rates of mortality. We find that, upon pneumococcal infec-
tion, pulmonary Treg cells are activated and have upregulated TNFR2 expression. TNFR2-deficientmice have
compromised Treg cell responses and highly activated IL-17A-producing gd T cell (gdT17) responses, result-
ing in significantly enhanced neutrophil infiltration, tissue damage, and rapid development of bacteremia,
mirroring responses in Treg cell-depleted mice. Deletion of total Treg cells predominantly activate IFNg-T
cell responses, whereas adoptive transfer of TNFR2+ Treg cells specifically suppress the gdT17 response,
suggesting a targeted control of gdT17 activation by TNFR2+ Treg cells. Blocking IL-17A at early stage of
infection significantly reduces bacterial blood dissemination and improves survival in TNFR2-deficient
mice. Our results demonstrate that TNFR2 is critical for Treg cell-mediated regulation of pulmonary
gdT17-neutrophil axis, with impaired TNFR2+ Treg cell responses increasing susceptibility to disease.

INTRODUCTION

Bacterial infection is commonly accompanied by an activated

pro-inflammatory response at the site of infection that helps to

clear the invading pathogen, but can also hasten the breakdown

of mucosal surface barriers.1 This process can facilitate path-

ogen penetration of host tissue and subsequent seeding of bac-

teria to the bloodstream and other sterile sites, leading to inva-

sive disease.2,3 Streptococcus pneumoniae (pneumococcus) is

a significant cause of morbidity andmortality worldwide, causing

life-threatening diseases such as pneumonia, bacteremia, and

meningitis, with an annual death burden of more than 1 million.

It is the leading cause of community-acquired pneumonia, with

more than 20% of the cases developing bloodstream infec-

tions.4 As an invasive pneumococcal disease, bacteremic pneu-

monia is associated with a high case fatality rate ranging from

14% in young adults to 50% in the elderly, despite the broad

application of antibiotic treatment and prophylactic intervention

with conjugated pneumococcal vaccines.5,6 Pneumococcal

infection induces a rapid influx of neutrophils to the lung, as a

broad range host defensemechanism against extracellular path-

ogens.7 However, by producing a large quantity of reactive oxy-

gen species, inflammatory cytokines, and chemokines, as well

as degranulation and NETosis, those infiltrating neutrophils can

also cause collateral tissue damage, leading to sepsis.8–10 Regu-

lation of neutrophil recruitment in the lung upon pneumococcal

infection is therefore required to contain a potentially detrimental

pro-inflammatory response and maintain tissue integrity when

clearing the bacteria.

Pulmonary gd T cells have an important defensive role in both

bacterial and viral infection.11,12 In response to pneumococcal

infection, gd T cells are activated and express high levels of inter-

leukin (IL)-17Aand interferon (IFN)g, contributing tobacterial clear-

ance through promoting neutrophil recruitment and activating

macrophages.12,13 However, activation of IL-17A-producing gd

T cells (gdT17) can also cause pathological changes through

over-recruitment of neutrophils, as has been demonstrated in

influenza infection, skin inflammation, and breast cancer metas-

tasis.14–16 It is not clear how gdT17 and neutrophil responses are

regulated in pneumococcal infection. Our previous study demon-

strated that Foxp3+ regulatory T (Treg) cell expansion in the lung of

BALB/c mice is associated with their resistance to invasive pneu-

mococcal infection, while CBA/Ca mice, which lack an effective

local Treg response following infection, rapidlydevelopsepticemia

and die,17 suggesting that Treg cells may be a key regulator in

pneumococcal infection to control the pro-inflammatory re-

sponses in the lung. This is supported by another study demon-

strating that the sex hormone estradiol can promote a quicker res-

olution of lung inflammation and injury in mice with non-invasive

pneumococcal infection through enhancingTregcell responses.18
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Figure 1. Treg cells are activated by pneumococcal infection and protect mice from bacteremic pneumonia

(A) Wild-type (WT) C57BL/6mice were infected (i.n.) with D39 pneumococci and bloodwas collected using tail bleeding at predetermined timepoints as indicated.

The blood colony-forming unit (CFU) count over time for individual mouse was plotted (individual values +mean), with each colored symbol representing one

individual. Mice that were culled due to ill health are labeled with ‘‘*’’ next to their IDs.

(B–D) WT C57BL/6J mice were infected (i.n.) with D39 pneumococci or PBS for the sham infection group and the lungs were collected and analyzed at 18 h post

infection (p.i.). (B) Number of Treg cells (CD3+CD4+Foxp3+) in the lung of sham andD39 infectedmice. (C) Representative flow cytometry plots for the frequency of

effector (CD62L�CD44high) Treg and conventional T cells (Tconv, CD3+CD4+Foxp3�). Data were summarized using grouped bar graph. Number of effector Treg

cells is shown in (D). Data are from one (n = 5 per group) of two independent experiments.

(legend continued on next page)
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Because BALB/c and CBA/Ca mice have distinct T cell profiles

anddiffer in innate immune responses, includingneutrophil recruit-

ment, it has been challenging to interpret the cellular mechanisms

mediating protection by Treg cells during pneumococcal pneu-

monia. In this study we uncover those mechanisms.

Tumor necrosis factor (TNF) is a potent pro-inflammatory cyto-

kine that is upregulated in many inflammatory conditions,

including pneumococcal pneumonia.19–21 Although TNFa was

initially described as an inducer of cell apoptosis and orches-

trator of inflammation in response to pathogen invasion and tis-

sue damage, it is now appreciated that it can also mediate acti-

vation of Treg cells through TNF receptor 2 (TNFR2).22,23 Unlike

the ubiquitous expression of TNFR1 across most cell types,

TNFR2 is expressed in a restricted manner, predominantly on

Treg cells.24 In a mouse colitis model, Treg cells in the lamina

propria require TNFR2 to maintain Foxp3 expression and a sup-

pressive phenotype, indicating an essential role of TNFR2 in sta-

bilizing Treg cells in an inflammatory mucosal environment.25

Although accumulating evidence indicates an indispensable

protective role of TNFR2+ Treg cells in autoimmune inflammatory

settings,25–27 the influence of this receptor on the development

of responses to invasive pathogens is unknown.

In the years since anti-TNFa therapy was approved for clinical

treatment of rheumatoid arthritis, an interesting observation has

been the higher incidence of pneumococcal infection reported

among those patients receiving anti-TNF drugs, with somedevel-

oping bacteremic pneumococcal pneumonia,19,28–31 suggesting

that TNFa signaling promotes resistance to invasive pneumo-

coccal infection. This observation prompted us to investigate

whether TNFa-TNFR2 signaling might be required for Treg cell

activation during pneumococcal infection and to explore the

role of TNFR2+ Treg cells in regulating the neutrophil-dominated

pro-inflammatory responses in the lung. In this study, we uncover

a crucial function of TNFR2+ Treg cells in controlling gdT17 cell-

mediated neutrophil influx in pneumococcus-infected lungs and

thereby preventing the development of lethal sepsis.

RESULTS

Treg cells are activated by pneumococcal infection and
protect mice from bacteremic pneumonia
A rapid recruitment and activation of Foxp3+ Treg cells in the

lung after pneumococcal infection has been associated with res-

olution of inflammation and local containment of infection.17,18

Following intranasal (i.n.) infection with the invasive serotype 2

pneumococcal strain D39, over 50% of C57BL/6 mice devel-

oped sepsis, with substantial bacterial load in the blood within

24 h post infection (p.i.) (Figure 1A). Five of the six mice that

had blood dissemination of bacteria at 24 h p.i. eventually died

of sepsis, suggesting that early regulation of inflammatory re-

sponses in the lung is critical to prevent the development of

bacteremic pneumonia. We first sought to determine whether

pneumococcal infection altered the Treg cell responses in the

lung at 18 h p.i.. No significant change in total Treg cell numbers

was observed in response to pneumococcal challenge (Fig-

ure 1B). We then examined the activation of Treg cells in pneu-

mococcus-infected lungs by their expression of CD62L (L-selec-

tin) and CD44, two adhesion molecules that have been used to

differentiate naive (CD62L+CD44low) and activated/memory

(CD62L�CD44high) T cells.32 Interestingly, we found that Treg

cells with an effector phenotype (CD62L�CD44high) were mark-

edly increased both in number and frequency, whereas the acti-

vation of conventional CD4+ T (Tconv) cells was not significantly

altered (Figures 1C and 1D), suggesting a preferential activation

of Treg cells following pneumococcal infection.

To investigate the role of Treg cells in the progression from

contained local infection to systemic dissemination of bacteria,

we used DEREG mice (Depletion of Regulatory T cells,

Foxp3DTR/EGFP), which carry a diphtheria toxin receptor (DTR)-

EGFP transgene under the control of an additional Foxp3 pro-

moter, enabling specific depletion of Treg cells by administration

of diphtheria toxin (DT).33 Foxp3DTR/EGFP mice and their wild-

type (WT) littermates were given two doses of DT prior to infec-

tion with pneumococci. At the time of infection, over 90%of Treg

cells were removed both in the lung and lymph nodes of the

Foxp3DTR/EGFP mice, while frequency of Treg cell population in

those WT control mice was not altered (Figure S1A). Following

pneumococcal infection, Treg cell depletion resulted in a signif-

icantly lower survival (3.8%) in Foxp3DTR/EGFP mice, compared

with their WT control littermates (35.3% survival) (Figure 1E).

Correlating with the decreased survival, Foxp3DTR/EGFP mice

had significantly increased dissemination of bacteria into blood

at 18 h p.i. (Figure 1F). In addition, higher titers of pneumococci

were harvested from the lung tissue of Treg cell-depleted

Foxp3DTR/EGFP mice compared with WT controls, although they

had a similar number of bacteria recovered from the bronchioal-

veolar lavage (BAL) (Figure 1G), suggesting that Treg cell deple-

tion may not affect bacterial load in the airways but may promote

tissue invasion of pneumococci.

Treg cells are potent immune regulators that suppress inflam-

matory responses and promote tissue repair. To investigate

whether the higher incidence of fatal pneumococcal sepsis in

Treg cell-depletedmicewas associatedwith uncontrolled inflam-

mation, we evaluated leukocyte infiltration in the lung of pneumo-

coccus-infected Foxp3DTR/EGFP andWT control mice. DT admin-

istration reduced lung T cell numbers in the naive Foxp3DTR/EGFP

mice but did not affect other leukocyte populations, including

neutrophils, alveolar macrophages, and natural killer (NK) cells

(E–I) Foxp3DTR/EGFP mice and their WT littermates were infected (i.n.) with D39 pneumococci. (E) Survival of infected mice. Data were pooled from three inde-

pendent experiments (n = 17 for WT mice; n = 26 for Foxp3DTR/EGFP mice). (F) Blood CFU count at 18 h post infection. Data from four independent experiments

were pooled (n = 17 for WT mice; n = 19 for Foxp3DTR/EGFP mice). (G) CFU count in bronchioalveolar lavage (BAL) and lung homogenates. (H and I) Proportion

(H) and number (I) of neutrophils (CD45+CD11b+Ly6G+), alveolar macrophages (M4) (CD45+CD11b�/lowSiglecF+), NK cells (CD45+CD3�NKp46+), and T cells

(CD45+CD11b�CD3+) in the BAL. Data were pooled from two independent experiments (n = 7 for WT mice; n = 6 for Foxp3DTR/EGFP mice). Unpaired two-tailed t

test was used for statistical analysis in (B), (D), and (I). Data in (C), (G), and (H) were analyzed by ordinary two-way ANOVAwith Sidak’s multiple comparisons test.

The survival curves (E) were compared by Log rank (Mantel-Cox) test. Mann-Whitney test was used to analyze data in (F). Data shown as mean ± SEM unless

otherwise stated.
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in either bronchioalveolar space or lung tissue (Figures S1B and

S1C). Upon pneumococcal infection, a neutrophil-dominated

leukocyte influx was detected in the lung (Figure S2). Prior deple-

tion of Treg cells resulted in a significantly increased neutrophil

infiltration to the airway following pneumococcal infection in

Foxp3DTR/EGFP mice compared with their WT littermates, while

recruitment of other leukocytes was not altered (Figures 1H and

1I). In the lung tissue, frequency of neutrophils was also higher

in Treg cell-depleted mice upon infection, but their increase in

number did not reach significance (Figure S3). This suggests

that Treg cellsmay regulate the neutrophil influx partially by inhib-

iting neutrophil migration from lung parenchyma and/or vascula-

tures into bronchioalveolar space. Excessive neutrophil influx can

breach the mucosal barrier, leading to bacterial dissemination.8,9

Our results indicate an essential role of Treg cells in regulating

neutrophil infiltration in pneumococcus-infected lungs and

thereby preventing the development of bacteremia.

TNFR2 is essential to stabilize lung Treg cell population
during pneumococcal pneumonia
Emerging evidence indicates that TNFR2+ Treg cells possess a

more potent immunosuppressive function and provide protec-

tion against colitis and neuroinflammation.25,26 TNFa activates

Treg cells and stabilizes Foxp3 expression through TNFR2

signaling.23,25 Upon pneumococcal infection, TNFa is quickly

upregulated in the lung, and is primarily produced by macro-

phages.20,21 An increased level of TNFa in the lung homogenate

by 18 h post D39 infection was also detected in our study (Fig-

ure 2A). We therefore investigated whether TNFa-TNFR2 signal

regulates the Treg cell responses in the lung during pneumo-

coccal pneumonia. We first examined the expression of TNFR2

in pulmonary Tconv and Treg cells in naive mice. Cells isolated

from the lung of TNFR2�/�mice were used as a negative control.

TNFR2�/� mice have a targeted knockout on the tumor necrosis

factor receptor superfamily, member 1b (tnfrsf1b) gene, which

encodes TNFR2. As expected, TNFR2 was predominantly ex-

pressed by Treg cells in the lung of WT mice (Figure 2B), consis-

tent with previous reports showing considerably higher expres-

sion of TNFR2 by Treg cells compared with Tconv in peripheral

lymphoid tissues.23 Post pneumococcal infection, TNFR2

expression on Treg cells was significantly upregulated (Fig-

ure 2C). TNFR2 expression on Treg cells was observed predom-

inantly on the CD62�CD44high effector Treg subsets, and this cell

type accounted for the increased expression observed following

infection (Figure 2D), indicating that TNFR2 expression was

associated with Treg cell activation by pneumococcus.

We then examined the lung Treg cells in TNFR2�/� mice

exposed to pneumococcus to investigate whether loss of

TNFR2 signaling affected the infection-induced Treg cell activa-

tion. Lung Treg cell frequency was lower in naive TNFR2�/�

mice compared with WT control mice and this difference became

more pronounced following infection (Figure 2E). Although the

proportion of effector Treg cells (CD62�CD44high) was also

increased post pneumococcal infection in TNFR2�/� mice, abso-

lute numbers of both total and effector Treg cells in the lung were

significantly lower than inWT animals (Figures 2F and 2G). There-

fore, our results suggest that although TNFR2 signaling may be

dispensable for Treg cell activation, it is essentially required to

maintain activated pulmonary Treg cells in response to pneumo-

coccal infection.

Deficiency in TNFR2 results in high susceptibility to
pneumococcal infection
Our data show that Treg cell-mediated regulation prevents exces-

sive neutrophil infiltration during pneumococcal infection, and that

TNFR2 deficiency significantly diminishes the Treg cell population

in infected lungs.We therefore hypothesized that TNFR2�/�mice,

lacking TNFR2+ Treg cells, would demonstrate enhanced suscep-

tibility to pneumococcal infection. Indeed, upon intranasal chal-

lenge with D39 pneumococci, all TNFR2�/� mice rapidly devel-

oped bacteremia and succumbed to infection, while 38.5% of

WT mice survived (Figure 3A). This was accompanied by signifi-

cantly increased bacterial load in the lung tissue and blood circu-

lation in TNFR2�/�mice by 18 h p.i., mirroring their rapid progress

to bacteremic pneumonia p.i. (Figures 3B and 3C). Aswe had pre-

viously observed in Treg cell-depleted DEREG mice, bacterial

numbers in the bronchioalveolar space were comparable be-

tween WT and TNFR2�/� mice (Figure 3B).

Thus, upon pneumococcal infection, TNFR2-deficient mice

rapidly developed invasive disease, with quick progression of

bacterial dissemination from lungs to blood. To investigate

whether this was associated with dysregulated neutrophil infil-

tration, as seen in Treg cell-depleted DEREGmice, we examined

histopathology and leukocyte populations in the lungs of

TNFR2�/� mice post intranasal inoculation of pneumococci. By

18 h, histology of pneumococcus-infected lungs showed heavy

perivascular and peribronchial accumulation of leukocytes in

TNFR2�/� mice, consisting mainly of neutrophils, indicating

acute inflammation (Figure 3D). Analysis of cells recovered

from the bronchioalveolar space and lung tissue confirmed

that this markedly enhanced inflammation was predominantly

due to increased recruitment of neutrophils into lungs of

TNFR2�/� mice, compared with WT control mice (Figures 3E,

3F, S4A, and S4B). In addition, a small, but significant, increase

in NK cell recruitment in TNFR2�/� mice was also detected (Fig-

ure 3F). Infected lungs from WT mice were substantially less in-

flamed, with minimal evidence of inflammation or leukocyte infil-

tration. Significantly increased neutrophil recruitment in

TNFR2�/� mice was apparent as early as 6 h p.i., when their

lung and blood bacterial loads were still comparable to the WT

mice (Figures S4C–S4E).

Collectively, our data show excessive neutrophilic inflamma-

tion and rapid development of bacteremia following pneumo-

coccal infection in TNFR2-deficient mice, which is associated

with impaired pulmonary TNFR2+ Treg responses.

Accumulation of gdT17 cells in the lungs of
pneumococcus-infected TNFR2�/� mice
IL-17A is a pro-inflammatory cytokine that induces granulopoiesis

and neutrophil migration to inflammation sites,34 while activation

of IL-17A-producing gdT17 cells is associated with neutrophil

recruitment in the lung.35,36 Post infection with D39 pneumococci,

upregulated mRNA expression of IL-17A was detected in T cells

from infected lungs as early as 6 h p.i. and peaking at 12 h p.i.

in the WT mice (Figure 4A). In accordance with increased IL-17A

mRNA expression in the early response to pneumococcus, the
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number of IL-17A+ T cells was also increased in the lung by 18 h

p.i. (Figure 4B). In addition, IFNg+ T cell activation was also de-

tected in infected lungs (Figure 4B).

TNFR2 deficiency resulted in a significant increase in neutro-

phil infiltration in pneumococcus-infected lungs. We next sought

to determine whether this was related to dysregulated IL-17A re-

sponses in lung T cells. In TNFR2�/� mice, total T cell numbers

and CD4+ T cell numbers in pneumococcus-infected lungs

were comparable to the WT control mice. However, a significant

increase of gd T cells was detected in the lung of TNFR2�/� mice

Figure 2. TNFR2 is essential to stabilize lung Treg cell population during pneumococcal pneumonia

(A) WT C57BL/6J mice were i.n. inoculated with PBS (sham infection) or D39 pneumococci. The concentration of TNFa in the lung homogenate measured at 18 h

p.i. Data were pooled from two independent experiments (Sham: n = 5 mice; Infected: n = 12 mice).

(B) Flow cytometry histogram showing the expression level of TNFR2 in Tconv and Treg cells from the lung of naivemice. Tconv (dashed gray line and shadowed)

and Treg (black line) cells from TNFR2�/�micewere used as negative staining controls for the comparison of TNFR2 expression in Tconv (dashed orange line) and

Treg (orange line) cells from WT mice. Representative plot of n = 3 mice.

(C–G) Mice were infected with (i.n.) D39 pneumococcus and lung T cell activation was analyzed at 18 h p.i.

(C) Representative flow cytometry histogram to compare TNFR2 expression level in lung Tconv and Treg cells with or without D39 infection, with the median

fluorescence intensity (MFI) ± SEM for Treg cells indicated on the top right corner, in WT mice.

(D) TNFR2MFI in naive (CD62L+CD44low) and effector (CD62L�CD44high) Treg cells in the lung of D39 infectedWTmice compared with sham infection, n = 5mice

per group.

(E) Representative flow cytometry plots for Treg cell frequency (gated on CD3+ T cells) in the lung of pneumococcal-infected mice and summarized proportion of

Treg cells in WT and TNFR2�/� mice with or without infection.

(F) Percentage of effector Treg cells in the lung of D39 infected WT or TNFR2�/� mice compared with sham infected mice.

(G) Number of total and effector Treg cells in D39 infected lungs. n = 5mice per group. Unpaired two-tailed t test was used for data analysis in (A), (C), and (G). Data

were analyzed by ordinary two-way ANOVA with Sidak’s multiple comparisons test in (D)–(F).
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Figure 3. Deficiency in TNFR2 results in high susceptibility to pneumococcal infection

(A–F) WT and TNFR2�/� mice were inoculated (i.n.) with D39 pneumococci and analyzed at 18 h p.i.

(A) Survival of infectedmice. Datawere pooled from two independent experiments (WTmice, n = 13; TNFR2�/�mice, n = 14). Log rank (Mantel-Cox) test was used

to compare the survival curves.

(B) Bacterial count in the BAL and lung homogenates, with data pooled from two independent experiments (n = 11 mice per group).

(C) Bacterial count in the blood. Data were pooled from two independent experiments (n = 13 mice per group).

(D) Lung histology images (hematoxylin and eosin staining) from naive (represents n = 3 WT mice) and infected (WT and TNFR2�/�, represents n = 4 mice per

group) mice. Scale bars, 50 mm. B, bronchiole; V, vasculature.

(E) Representative flow cytometry UMAP plots for the frequency of neutrophils (red), alveolar M4 (light blue), T cells (green), NK cells (orange), and other CD45+

cells (gray) in the BAL of infected mice. Data were summarized using grouped bar graph, pooled from two independent experiments (n = 10 mice per group).

Number of those leukocyte populations in the BAL is shown in (F). Data in (B) and (E) were analyzed by ordinary two-way ANOVA with Sidak’s multiple com-

parisons test. Unpaired two-tailed t test was used for the statistical analysis in (C) and (F).
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(Figure 4C). Interestingly, we found that TNFR2 deficiency further

promoted activation of IL-17A but not IFNg-producing T cells in

the lung during pneumococcal infection (Figures 4D and 4E). Of

those T cells found to be producing IL-17A, more than 75%

were gd T cells in TNFR2�/� mice, compared with an average

of 33.2% in WT mice (Figure 4F), suggesting unregulated activa-

tion of gdT17 cells in TNFR2-deficient mice. This was further

confirmed by examining IL-17A and IFNg expression in CD4+

and gd T cells, where a markedly increased proportion of IL-

17A+ cells in the gd T cell subset and remarkably higher number

of gdT17 cells in the lung of infected TNFR2�/� mice was

observed, while the frequency of gd T cells expressing IFNg

was reduced compared with the WT mice (Figures 4G and 4H).

Lung CD4+ T cells also upregulated IL-17A in the absence of

TNFR2+ Treg cells, but this increase was not significant (Fig-

ure 4G). Hence, these results suggest that TNFR2 signaling is

Figure 4. Accumulation of gdT17 cells in the lung of pneumococcus-infected TNFR2�/� mice

(A and B) WT C57BL/6J mice were infected (i.n.) with D39 pneumococci.

(A) Lung T cells were separated at 0, 6, 12, and 30 h p.i. for the measurement of Il17amRNA expression. Six infected mice were culled per time point and the lung

T cells from threemicewere pooled for total RNA extraction. qPCRwas done in duplicate. Kruskal-Wallis test (ANOVA) with Dunn’smultiple comparisons test was

used for the statistical analysis.

(B) Number of IL-17A+ and IFNg+ T cells in the lung of sham or D39 infected mice at 18 h p.i., n = 5 mice per group.

(C–H) WT and TNFR2�/� mice were inoculated (i.n.) with D39 pneumococci and analyzed at 18 h p.i.

(C) Number of CD3+ T cells, CD3+CD4+ T cells, and CD3+TCRgd+ gd T cells in the lung.

(D–F) Representative flow cytometry plots for IL-17A and IFNg expression in live CD3+ T cells (D) and number of IL-17A+ and IFNg+ T cells in the lung (E), with

frequency of TCRgd+, CD4+, and TCRgd�CD4� cells in IL-17A+ T cells shown in (F).

(G andH) Representative flow cytometry plots for IL-17A and IFNg expression in CD3+CD4+ andCD3+TCRgd+ T cells (G) and number of IL-17A+ and IFNg+ cells in

gd and CD4+ T cells respectively (H). Data represent one of two independent experiments (n = 5 mice per group). Unpaired two-tailed t test was used for the

analysis of data in (B), (C), and (E). Ordinary two-way ANOVA with Sidak’s multiple comparisons test was used to analyze data in (F) and (H).
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required to control gdT17 cell activation in the lung during pneu-

mococcal infection, and this effect may be mediated through

Treg cell responses.

TNFR2+ Treg cells suppress gdT17 cells in
pneumococcus-infected lungs
Our results obtained from TNFR2�/� mice suggest that gdT17

activation in pneumococcus-infected lungs might be controlled

by TNFR2+ Treg cells. To examine whether a general depletion

of Treg cells would also lead to highly elevated gdT17 activation

in pneumococcal infection, we examined T cell responses in the

lung of Foxp3DTR/EGFP mice that were depleted of Treg cells by

DT administration. Post infection, expression of both IL-17A

and IFNg were higher in lung T cells in the absence of Treg cells

(Figure 5A). An increase in the proportion of IL-17A+ gd T cell cells

was also detected (Figure 5B), confirming Treg cell-mediated

regulation of gdT17 cells in the TNFR2-deficient mice. However,

a more prominent activation of IFNg-producing CD4+ T cells

(Th1) in the lung of Treg cell-depleted mice was observed upon

pneumococcal infection (Figures 5C–5E). This suggests that

members of the total lung Treg cell population function for the

regulation of Th1 cell activation, while TNFR2+ Treg cells specif-

ically control gdT17 cells. The highly activated Th1 responses in

the lung of Treg cell-depleted mice may have an influence on the

activation of gdT17 cells, hence the lung gdT17 response in those

mice was not augmented as significantly as was seen in the

TNFR2�/� mice.

To confirm our hypothesis that TNFR2+ Treg cells regulate the

activation of gdT17 cells in the lung during pneumococcal pneu-

monia, TNFR2+ Treg cells isolated from WT mice were intrave-

nously (i.v.) transferred into TNFR2�/� mice 24 h prior to intra-

nasal infection of pneumococcus. As expected, only IL-17A

but not IFNg-producing gdT cells were suppressed during infec-

tion, shown as reductions in both frequency and number, in the

lung of mice receiving TNFR2+ Treg cells (Figures 5F and 5G).

The proportion of Th1 cells was also decreased, but their number

in the lungwas not significantly lower (Figures 5H and 5I). In addi-

tion, the adoptive transfer of TNFR2+ Treg cells also led to a

moderate reduction of blood bacterial load in TNFR2�/� mice

(Figure S5B), suggesting ameliorated breaching of the mucosal

barrier. Collectively, our data reveal a specific suppression of

gdT17 cells by TNFR2+ Treg cells in pneumococcus-infected

lungs.

IL-17A blockade prevents the development of
bacteremic pneumococcal pneumonia in TNFR2�/�

mice
To determine whether overactivated IL-17A expression by gd

T cells in TNFR2�/� mice mediated excessive neutrophil influx

into the lung and thereby promoted bacterial dissemination

upon pneumococcal infection, mice were administered i.n.

with two doses of IL-17A neutralizing antibody at 0 and 6 h

post pneumococcal infection, and airway cell infiltration was

analyzed at 18 h post infection. A significantly lower number of

neutrophils was detected in the airways of mice treated with

anti-IL-17A compared with the isotype control group (Figure 6A).

Bacterial clearance in the airway and lung tissue was not

affected by IL-17A blockade (Figure 6B). Importantly however,

anti-IL-17A treatment led to reduced dissemination of bacteria

into blood (Figure 6C), correlating with reduced neutrophil infil-

tration in the lung of TNFR2�/� mice. In correspondence with

the lower bacterial load in the blood, blocking IL-17A in the early

stages of pneumococcal infection also improved the survival of

susceptible TNFR2�/� mice (Figure 6D). Our results indicate

that overactivation of IL-17A responses in TNFR2�/� mice un-

derlies their susceptibility to invasive pneumococcal infection.

DISCUSSION

We reveal that TNFR2 signaling is essential for Treg cell-medi-

ated protection against bacteremic pneumococcal pneumonia

by controlling IL-17A-producing gdT17 response and neutrophil

recruitment in the lung. The activation of gdT17 cells in the lung

was found to be negatively regulated by TNFR2+ Treg cells, pre-

venting excessive neutrophilic influx and tissue damaging. This

TNFR2-mediated immune regulatory pathway may be one of

the key mechanisms to preventing invasive pulmonary infection

by opportunistic bacterial pathogens such as Streptococcus

pneumoniae.

Anti-TNFa therapy, by blocking TNFa signals via both TNFR1

and TNFR2, has been found to increase the risk of severe bacte-

rial infection, and pneumococcus is a recognized causative

pathogen for therapy-related pneumonia and bacteremia.29,37

This increased susceptibility to invasive pneumococcal infection

in the absence of TNFa signaling was also evidenced in murine

studies.19,20,38,39 Inhibiting TNFa could lead to neutropenia,

which was thought to impair bacteria clearance in pneumo-

coccal infection. However, the lack of TNFa signal did not appear

to diminish neutrophil recruitment to the lung in mice challenged

with pneumococcus.20,40 Pulmonary neutrophil recruitment was

impaired only when TNFa receptors (both TNFR1 and TNFR2)

and the IL-1 receptor (IL-1R1) were collectively deficient.40

Therefore, it is unlikely that anti-TNFa treatment has led to a

higher incidence of invasive pneumococcal disease through

dampening the neutrophil response alone. In contrast, we found

that in TNFR2-deficient mice, pneumococcal infection-induced

neutrophil influx to the lung was enhanced, associated with a

marked increase of gd T cells polarized for IL-17A production,

suggesting a lack of suppressive immune responses in the

absence of the TNFa-TNFR2 axis. Indeed, TNFR2 deficiency

led to reduced numbers of pulmonary Treg cells during pneumo-

coccal infection, predisposing the mice to the development of

fatal sepsis.

In response to various inflammatory cues, such as IL-33 in

airway hypersensitivity41 and TNFa in autoimmune condi-

tions,25,26 Treg cells are activated to keep inflammatory re-

sponses under control. TNFa has been shown to activate Treg

cells and maintain their stability through TNFR2,23,25 which can

be seen as a negative feedback loop to balance out its potent

pro-inflammatory effects, mediated mainly by TNFR1.42 In the

lung, TNFa can be produced by pulmonary macrophages, alve-

olar epithelial cells, etc., with a detectable background level of

expression in the macrophages during homeostasis.20 Upon

pneumococcal infection, TNFa is one of the early response cyto-

kines that is rapidly upregulated, and this coincides with TNFR2-

associated Treg cell activation (Figures 2A–2D). Moreover, the
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Figure 5. TNFR2+ Treg cells suppress gdT17 cells in pneumococcus-infected lungs

(A–E) Foxp3DTR/EGFP mice and their WT littermates were infected (i.n.) with D39 pneumococci. T cell responses in the lung were analyzed at 18 h p.i.

(A) Proportion of T cells expressing IL-17A or IFNg.

(B and C) Proportion of IL-17A+ and IFNg+ cells in gd (B) and CD4+ (C) T cells, respectively.

(D) Number of IL-17A and IFNg-producing gd T cells.

(E) Number of IL-17A and IFNg-producing CD4+ T cells. Data represent one (n = 5 mice per group) of two independent experiments.

(F–I) TNFR2�/� mice were i.v. injected with 23 105 of TNFR2+ Treg cells or PBS for the control group and then infected (i.n.) with D39 pneumococci at 24 h post

the adoptive transfer. Lung T cell responses were analyzed at 18 h p.i.

(F and G) Proportion (F) and number (G) of IL-17A+ and IFNg+ cells in gd T cells.

(H and I) Proportion (H) and number (I) of IL-17A+ and IFNg+ cells in CD4+ T cells. Data were pooled of two independent experiments (n = 6 mice per group).

Unpaired two-tailed t test was used to analyze data in (A), (D), (E), (G), and (I). Data in (B), (C), (F), and (H) were analyzed by ordinary two-way ANOVA with Sidak’s

multiple comparisons test.
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lung parenchymal T cell population is composed of a signifi-

cantly higher proportion of TNFR2+ Treg cells, as compared

with the T cell populations in lung vasculature and spleen (un-

published data). Since the short time frame precludes develop-

ment of antigen-specific T cell responses during acute pneumo-

coccal pneumonia, the activation of pulmonary TNFR2+ Treg

cells is likely via a T cell receptor (TCR)-independent mechanism

but requires TNF signals. In the lung of TNFR2-deficient mice,

Treg cells could still acquire effector phenotype following pneu-

mococcal infection, indicating that the TNFa-TNFR2 axis is not

an absolute requirement for Treg activation. However, the fre-

quency and number of Treg cells dropped significantly in the

absence of TNFR2 (Figure 2), which is consistent with the critical

role of TNFR2 that has been demonstrated in inflammatory

bowel disease, where it was found to stabilize the Treg cell pop-

ulation at the site of inflammation.25 The monoclonal antibody or

receptor fusion protein used in anti-TNFa therapy blocks TNF,

without discriminating signaling through TNFR1 and TNFR2, it

can therefore lead to a deficiency in TNFR2-mediated Treg cell

maintenance and suppressive function, which is pivotal to con-

trol pro-inflammatory responses elicited by a range of stimuli.27

In pneumococcal infection, TNFR2 deficiency removed

TNFR2+ Treg cell-mediated suppression on gdT17 response,

contributing to augmented neutrophilic inflammation in the lung.

Apart from Treg cells, TNFR2 is also shown to regulate macro-

phage polarization, which may also contribute to the control of

inflammation.43 However, TNFR2 expression was detected in

pulmonary NK cells but not in alveolar macrophages (Figure S6).

Along with enhanced neutrophil infiltration, TNFR2�/� mice also

had a small, but significant, increase of NK cells in the lung

following pneumococcal infection, suggesting that TNFR2 may

directly suppress NK cell recruitment. We cannot conclude

though whether this small increase of NK cells affects the

gdT17 response in pneumococcus-infected lungs, but the num-

ber of NK cells was not affected by IL-17A blockade (Figure 6A),

suggesting that their recruitment/migration is less relevant to the

TNFR2+ Treg cell-gdT17 axis in the lung.

IL-17A is a critical inflammatory cytokine that induces neutro-

phil infiltration in various inflammatory settings.14,15,34 gd T cells

are the major source of IL-17A responding to pneumococcal

infection.36 Deficiency in IL-17A or gd T cells has been reported

to impair the neutrophil response during pneumococcal pneu-

monia, causing increased bacterial load locally and systemi-

cally.36,44 A suppressed IL-17A response post influenza virus

infection has been shown to make mice more susceptible to a

secondary pneumococcal infection.45 Although most studies

have focused on IL-17A and gd T cell-mediated host defense

to pneumococcus and tried to foster strategies to boost gdT17

response, the potentially deleterious effects of overactivation

of these cells have not received sufficient consideration. Here,

we have demonstrated that gdT17 cells increase dramatically

in the lung of TNFR2-deficient mice, with over 75% of IL-17A+

T cells being gd T cells after pneumococcal infection. As ex-

pected, this led to enhanced neutrophil recruitment into the

airway. However, such robust activation of the IL-17A-neutrophil

axis did not accelerate bacterial clearance in the airway but

instead resulted in a significantly increased bacteria load in the

blood leading to shortened survival time and reduced survival

rate. Our results clearly demonstrate how uncontrolled activation

of gdT17 responses are highly detrimental during invasive pneu-

mococcal infection.

Furthermore,we found that TNFR2�/�mice,which lackTNFR2+

Treg cells, weremore susceptible to pneumococcal infection than

DEREGmicedepletedof total Tregcell population, as indicatedby

a more pronounced blood dissemination of bacteria and shorter

median survival time in TNFR2�/� animals. Intracellular cytokine

Figure 6. IL-17A blockade prevents the devel-

opment of bacteremic pneumococcal pneu-

monia in TNFR2�/� mice

(A–D) TNFR2�/� mice were treated (i.n.) with anti-

IL-17A monoclonal antibody or isotype control at

0 and 6 h post i.n. infection of D39 pneumococci.

Infected mice were analyzed at 18 h p.i. for data in

(A)–(C).

(A) Number of neutrophils, alveolar M4, NK cells,

and T cells in the BAL. Data were pooled from two

independent experiments (n = 11 mice per group).

(B) Bacterial count in the BAL and lung homoge-

nates. Data represent one (n = 5 mice per group) of

two independent experiments.

(C) Bacterial count in the blood. Data were pooled

from three independent experiments (n = 19 mice

per group). Unpaired two-tailed t test was used to

analyze the data.

(D) Survival of infected mice. Data were pooled

from four independent experiments (n = 23 mice

per group) and analyzed using Log rank (Mantel-

Cox) test. Ordinary two-way ANOVA with Sidak’s

multiple comparisons test was used for the statis-

tical analysis in (A) and (B).
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staining showed that total Treg cell depletion promoted both IL-17

and IFNgexpression ingdandCD4+Tcells,while in theabsenceof

TNFR2+ Treg cells, a subpopulation of Treg cells, the enhance-

mentof IL-17Aexpression ingdTcellswasof agreatermagnitude,

but the IFNg responseswereunaffected. This further highlights the

deleterious effect causedby overactivation ofgdT17 cells in pneu-

mococcal pneumonia. It has been demonstrated that IFNg is able

to suppress Th17 induction and IFNg blockade can enhance IL-

17A expression by CD4+ T cells,46,47 findings that may provide

an explanation for our observations in infected DEREG mice.

Similar to Th17 cells, activation of gdT17 requires signals from

the STAT3 transcription factor,48 hence it is possible that IFNg

can negatively regulategdT17 responseby inducingSTAT1-medi-

ated inhibition on STAT3.49

Treg cells regulate inflammatory T cell responses through

several mechanisms, including those driven by TGF-b and IL-

10. However, these two cytokines are known to strongly sup-

press IFNg responses, whereas the suppression of gdT17 by

TNFR2+ Treg cells that we observed here was specific and did

not similarly inhibit the Th1 or IFNg response. Rather, a more

recently identified Treg cytokine, IL-35, may have contributed

to this discriminated regulation of the IL-17 response. We and

others have shown that IL-35 has the ability to specifically sup-

press IL-17A responses in both murine and human T cells.50,51

IL-35 has also been shown to suppress gd T cell IL-17 responses

in the lung during allergic inflammation.41 Our early efforts to

examine IL-35 expression by pulmonary Treg cells using intra-

cellular cytokine staining have been inconclusive, but this re-

mains a priority for future study. Another key area for follow-up

is the potential for feedback regulation of Treg responses via

gd T cell-derived TNFa. We found that a large proportion of IL-

17A-expressing gd T cells also co-express TNFa (Figure S7).

Hence, it is possible that this may also promote TNFR2+ Treg

cell-mediated suppression.

Taken together, our results demonstrate that uncontrolled,

excessive neutrophil infiltration into lungs during pneumococcal

pneumonia is associated with increased risk of systemic bacte-

rial invasion. TNFR2+ Treg cells regulate the activation of pulmo-

nary gdT17 cells, thereby controlling neutrophilic influx and

associated inflammation in pneumococcus-infected lungs.

TNFR2-mediated Treg responses may be the key to preventing

overactivation of inflammatory responses in respiratory infec-

tions and other inflammatory diseases. Further investigation to

clarify the functional mechanism of pulmonary TNFR2+ Treg cells

is warranted, to identify potential molecular targets against inva-

sive pneumococcal disease. Any future interventions targeting

the TNFR2+ Treg- gdT17 axis would need to be fast-acting, given

the importance of this immune crosstalk during the early stages

of acute infection.

Limitations of the study
In this study, we show that TNFR2 deficiency impairs the mainte-

nance and function of pulmonary Treg cells, leading to increased

susceptibility to pneumococcal infection. Some limitations of our

study may include the potential influence of other TNFR2-ex-

pressing immune cells and whether depletion of TNFR2+ Treg

cells systemically would have any significant effect. Also, in our

study we focused onmalemice given the well-established higher

incidence of pneumococcal disease in males, and although

TNFR2 deficiency did affect male mice more significantly during

pneumococcal pneumonia, its role in females should be ad-

dressed more specifically in following studies, given the large

proportion of female patients with rheumatoid arthritis that may

be offered anti-TNF therapy.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

InVivoMAb anti-mouse IL-17A BioXCell Clone 17F3; Cat#BE0173

InVivoMAb mouse IgG1 isotype control BioXCell Clone MOPC-21; Cat#BE0083

Anti-mouse CD25-PE Miltenyi Biotec Clone 7D4; Cat#130-118-550; RRID:AB_2784088

Anti-mouse TNFR2-APC Miltenyi Biotec Clone REA228; Cat#130-123-275;

RRID:AB_2889435

Anti-mouse CD127-BV421 BioLegend Clone A7R34; Cat#135027; RRID:AB_2563103

Anti-mouse CD45-PE-Cy7 BioLegend Clone 30-F11; Cat#103114; RRID:AB_312979

Anti-mouse CD3-FITC BioLegend Clone 17A2; Cat#100204; RRID:AB_312661

Anti-mouse/human CD11b-PE BioLegend Clone M1/70; Cat#101208; RRID:AB_312791

Anti-mouse Ly6G-APC-Cy7 BioLegend Clone 1A8; Cat#127624; RRID:AB_10640819

Anti-mouse NKp46-APC BioLegend Clone 29A1.4; Cat#137608; RRID:AB_10612758

Anti-mouse CD3-APC BioLegend Clone 17A2; Cat#100236; RRID:AB_2561456

Anti-mouse CD4-APC-Cy7 BioLegend Clone GK1.5; Cat#100414; RRID:AB_312699

Anti-mouse TCRgd-PE-Cy7 BioLegend Clone GL3; Cat#118124; RRID:AB_11204423

Anti-mouse IL-17A-PE BioLegend Clone TC11-18H10.1; Cat#506904;

RRID:AB_315464

Anti-mouse IFNg-BV421 BioLegend Clone XMG1.2; Cat#505830; RRID:AB_2563105

Anti-mouse CD3-PE-Cy7 BioLegend Clone 17A2; Cat#100220; RRID:AB_1732057

Anti-mouse TNFR2-PE BioLegend Clone TR75-89; Cat#113406; RRID:AB_2206941

Anti-mouse/human CD44-APC BioLegend Clone IM7; Cat#103012; RRID:AB_312963

Anti-mouse CD62L-Pacific Blue BioLegend Clone MEL-14; Cat#104424; RRID:AB_493380

Anti-mouse Foxp3-Alexa Fluor 488 BioLegend Clone MF-14; Cat#126406; RRID:AB_1089113

Anti-mouse SiglecF-BV421 BD Biosciences Clone E50-2440; Cat#562681; RRID:AB_2722581

Bacterial and virus strains

Serotype 2 S pneumoniae strain D39 Jacques52 NCTC7466

Chemicals, peptides, and recombinant proteins

Diphtheria toxin Merck Cat#322326

Cell Activation Cocktail (with Brefeldin A) BioLegend Cat#423304

IC Fixation Buffer Fisher/Invitrogen Cat#00-8222-49

Foxp3/Transcription Factor Staining

Buffer Set

Fisher/Invitrogen Cat#00-5523-00

Type 1 collagenase Fisher/Gibco Cat#17018029

DNase 1 Merck/Sigma Aldrich Cat#11284932001

True-Stain Monocyte Blocker BioLegend Cat#426103

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit Fisher/Molecular Probes Cat#L34965

M-MLV reverse transcriptase Promega Cat#M1701

SYBR� Green JumpStartTM Taq ReadyMixTM Merck/Sigma Aldrich Cat#S4438

Critical commercial assays

CD4+ T cell isolation kit, mouse Miltenyi Biotec Cat#130-104-454

Anti-PE Microbeads Miltenyi Biotec Cat#130-048-801

CD90.2 Microbeads Miltenyi Biotec Cat#130-121-278

eBioscienceTM Mouse TNF alpha

Ready-SET-Go! Kit

Fisher/Invitrogen Cat#88-7324-77

RNeasy Mini Kit Qiagen Cat#74104
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Aras Ka-

dioglu (a.kadioglu@liverpool.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6J (wildtype) mice were purchased fromCharles River. Male heterozygous Foxp3DTR/EGFP DEREGmice were kindly provided

by Tim Sparwasser (TWINCORE, Hannover) and crossed with female C57BL/6J (wildtype) mice to generate heterozygous

Foxp3DTR/EGFP mice and wildtype littermates. B6.129S2-Tnfrsf1btm1Mwm/J (TNFR2�/�) mice were purchased from The Jackson Lab-

oratory and bred to generate homozygous knockout mice. All mice used in this study were 7–10 weeks males and age-matched an-

imals were randomly assigned to experimental groups. All mice were bred andmaintained in individually ventilated cages at 22 ± 1�C
and 65% humidity with a 12hr light-dark cycle. Prior to use, mice were acclimatised for one week with free access to food and water.

All experimental protocols were approved and performed in accordance with the regulations of the Home Office Scientific Proced-

ures Act (1986), project licence P86De83DA and the University of Liverpool Ethical and Animal Welfare Committee.

Bacteria
Serotype 2 S pneumoniae strain D39 was cultured on blood agar base (BAB) supplemented with 5% (v/v) defibrinated horse blood at

37�C, 5% CO2. Single colonise were transferred to brain heart infusion broth supplemented with 20% (v/v) fetal bovine serum (FBS)

and grew till exponential phase. Bacterial suspension was aliquoted and stored in �80�C. The number of viable pneumococci was

determined by the Miles and Misra Method. All culture media and supplements were from Oxoid, UK.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Mouse: Foxp3DTR/EGFP: DEpletion of REGulatory

T cells (DEREG)

Lahl33 N/A

Mouse: TNFR2�/�: B6.129S2-Tnfrsf1btm1Mwm/J The Jackson Laboratory RRID: IMSR_JAX:002,620

Oligonucleotides

Random primers Promega Cat#C1181

Primer: Il17a Forward:

CCAGCTGATCAGGACGCGCAAACATGAG

This paper N/A

Primer: Il17a Reverse:

TGAGGGATGATCGCTGCTGCCTTCACTG

This paper N/A

Primer: Hprt Forward:

GCAGTCCCAGCGTCGTGATTAGCGATGA

This paper N/A

Primer: Hprt Reverse:

CCCCTTGAGCACACAGAGGGCCACAATG

This paper N/A

Software and algorithms

FlowJo 10.4 BD https://www.flowjo.com/

QuPath-0.2.3 Bankhead53 https://qupath.github.io/

GraphPad Prism (version 9.0.1) GraphPad Software https://www.graphpad.com/scientific-software/

prism/
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METHOD DETAILS

Mouse model of pneumococcal pneumonia
Mice were lightly anesthetized with O2/isoflurane and inoculated (i.n.) with 13 106 colony-forming unit (CFU) of D39 in 50mL of sterile

PBS as described previously.54 For survival experiment, infected mice were monitored and scored regularly for signs of disease.55

Mice that became lethargic were humanely culled with rising concentration of CO2 and counted as death events. For the analysis of

bacterial load and immune responses, blood, BAL and lung tissues were harvested at 18hrs post infection if not otherwise stated.

Blood was taken by cardiac puncture or tail bleeding. BAL fluid was collected as previously described,56 by inserting a catheter

into the trachea and instilling 2 3 1mL of cold Hank’s balanced salt solution (HBSS, Sigma Aldrich) with 100mM of EDTA (Fisher

Scientific).

Treg cell depletion in DEREG mice
As described previously,33 DEREGmice and wildtype littermates were intraperitoneally (i.p.) injected with 1mg of DT (Merck) in 100mL

of sterile PBS for 2 consecutive days. The Treg cell depleting efficiency (>90%) was checked with lymphocytes isolated from lungs

and cervical lymphoid nodes by the time of infection (24 h post second dose of DT) (Figure S1A).

IL-17A blockade in TNFR2�/� mice
Mice were treated (i.n.) with 50mg of anti-IL-17A monoclonal antibody (Clone 17F3, BioXCell) or isotype IgG1k in 50mL of sterile PBS

by the time of infection (antibody was mixed with the bacterial inoculum) and at 6 h post infection.

TNFR2+ Treg cell sorting and adoptive transfer
Lymphocytes were isolated from spleens and lymph nodes of wildtype mice using described method.57 Tissues were dissociated by

pushing through a 70mm cell strainer and then subjected to red blood cell lysis to generate single cell suspension. CD4+ T cells were

separated by magnetic sorting through negative selection and then labeled with anti-mouse CD25-PE (7D4, Miltenyi Biotec) for pos-

itive selection of CD4+CD25+ T cells by Anti-PE Microbeads. Separated CD4+CD25+ T cells were labeled with anti-mouse CD127-

BV421 (A7R34, BioLegend) and TNFR2-APC (REA228, Miltenyi Biotec) for the sorting of CD25+CD127-/lowTNFR2+ cells on BD

FACSAria. CD4+ T cell isolation kit and Anti-PE Microbeads both were fromMiltenyi Biotec and the magnetic sorting was performed

according to the manufacturer’s instructions.

2 3 105 of sorted CD4+CD25+CD127-/lowTNFR2+ cells were resuspended in 100mL of sterile PBS and intravenously (i.v.) injected

into TNFR2�/� mouse. The control mice were i.v. injected with 100mL of sterile PBS. 24 h post cell transfer, all mice were i.n. infected

with pneumococcus as described above.

Lung tissue processing
Lung tissues were harvested, cut into pieces, and digested in HBSS containing 300U/mL of type 1 collagenase (Gibco) and 75 mg/mL

of DNase 1 (Sigma Aldrich), at 37�C for 1 h under constant horizontal shaking (200rpm). Digested lung pieces were thenmechanically

dissociated by pushing through a 70mm cell strainer and then subjected to red blood cell lysis to generate single cell suspension for

restimulation and flow cytometry staining.

For bacterial quantification and cytokine measurement, the lung lobes were dissociated by an electronic tissue homogenizer (Ultra

Turrax, IKA). The lung homogenates were centrifuged at 1500 xg for 10min to remove cells and tissue debris for the measurement of

cytokine levels. TNFa concentration was determined using eBioscience Mouse TNF alpha ELISA Ready-SET-Go! Kit (Invitrogen) ac-

cording to the manufacturer’s instructions.

Quantification of pneumococcus
Viable counts of pneumococcus recovered from BAL, lung homogenates and blood were determined using the Miles and Misra

method as described previously. Briefly, samples were serially diluted in sterile PBS and spotted on horse blood (5% v/v) supple-

mented BAB plates. Plates were incubated overnight at 37�C, 5% CO2 and bacterial colonies were counted.

Flow cytometry
Single cells were incubated with Live/Dead Fixable Aqua Stain (Fisher Scientific) at 1:1000 to determine viable cells. Cell surface

staining was performed with fluorochrome-conjugated anti-mouse monoclonal antibodies (mAbs) in the presence of True-Stain

Monocyte Blocker (1:20) (BioLegend). For intranuclear transcription factor staining, cells were fixed and permeabilised with

Foxp3/Transcription Factor Staining Buffer Set (Invitrogen) before incubation with corresponding mAbs. For intracellular cytokine

detection, cells were stimulated with Cell Activation Cocktail, PMA/Ionomycin (with Brefeldin A) (BioLegend) for 4 h at 37�C, 5%
CO2 prior to staining. Following Live/Dead and cell surface staining, cells were fixed by IC Fixation Buffer (Invitrogen) and then

washed with Permeabiliation Buffer (Invitrogen). Permeabilized cells were then stained with mAbs against intracellular cytokines.

mAbs used in this study including CD45-PE-Cy7 (30-F11), CD3-FITC (17A2), CD11b-PE (M1/70), Ly6G-APC-Cy7 (1A8), NKp46-

APC (29A1.4), SiglecF-BV421 (E50-2440), CD3-APC (17A2), CD4-APC-Cy7 (GK1.5), TCRgd-PE-Cy7 (GL3), IL-17A-PE (TC11-

18H10.1), IFNg-BV421 (XMG1.2), CD3-PE-Cy7 (17A2), TNFR2-PE (TR75-89), CD44-APC (IM7), CD62L-Pacific Blue (MEL-14),
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Foxp3-Alexa Fluor 488 (MF-14), all from BioLegend apart from SiglecF-BV421 which is from BD Biosciences. Stained samples were

acquired on BD FACSCanto II and analyzed using Flowjo 10.4.

Lung T cell isolation and RT-qPCR
Lung cells isolated from 3mice were pooled for the separation of T cells by magnetic sorting using CD90.2 Microbeads (Miltenyi Bio-

tec). Purity of isolated T cells (>95%) was examine by flow cytometry staining with anti-mouse CD3-APC (17A2). Lung T cells were

lysed with RLT buffer for mRNA extraction by RNeasy kit (Qiagen) according to themanufacturer’s instructions. Total cDNAwas syn-

thesized from the purified mRNA using random primers and M-MLV reverse transcriptase (Promega). qPCR was performed using

SYBR Green JumpStart Taq ReadyMix (Sigma Aldrich) on Bio-Rad CFX96 and normalised to Hprt using primers as below.

Il17a, 50-CCAGCTGATCAGGACGCGCAAACATGAG-30 (forward)

50- TGAGGGATGATCGCTGCTGCCTTCACTG-30 (reverse)
Hprt, 50-GCAGTCCCAGCGTCGTGATTAGCGATGA-30 (forward)

50-CCCCTTGAGCACACAGAGGGCCACAATG-30 (reverse)

Histology
Lungs were dissected and fixed with 10% neutral buffered formalin (Sigma Aldrich) and sent to LBIH Biobank, Liverpool for embed-

ding, sectioning and hematoxylin and eosin (H&E) staining. Stained sample slides were scanned and examined using QuPath-0.2.3.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed and plotted using GraphPad Prism (version 9.0.1) software. Unpaired two-tailed t test or Mann-Whitney test

was used to compare two datasets. Comparison of multiple datasets was carried out by ordinary two-way ANOVA with Sidak’s mul-

tiple comparisons test. Survival curves was analyzed by Log rank (Mantel-Cox) test. Bacteria colony-forming unit (CFU) was log-

transformed before analysis. Variance between datasets was tested in all analysis. Data are presented asmean ±SEM for bar graphs

and dot plots unless otherwise stated, with sample size (n) specified in figure legends. Absolute p values are indicated in each figure.

p < 0.05 is considered as statistically significant.
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