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Mycobacterium tuberculosis impedes CD40-dependent
notch signaling to restrict
Th17 polarization during infection

Ana Beatriz Enriquez,1 Jonathan Kevin Sia,1,2 Hedwin Kitdorlang Dkhar,1 Shu Ling Goh,1 Melanie Quezada,1

Kristina Larrieux Stallings,1 and Jyothi Rengarajan1,3,4,*

SUMMARY

Early Th17 responses are necessary to provide protection against Mycobacte-
rium tuberculosis (Mtb). Mtb impedes Th17 polarization by restricting CD40
co-stimulatory pathway on dendritic cells (DCs). We previously demonstrated
that engaging CD40 on DCs increased Th17 responses. However, the molecular
mechanisms that contributed to Th17 polarization were unknown. Here, we
identify the Notch ligand DLL4 as necessary for Th17 polarization and demon-
strate that Mtb limits DLL4 on DCs to prevent optimal Th17 responses.
Although Mtb infection induced only low levels of DLL4, engaging CD40 on
DCs increased DLL4 expression. Antibody blockade of DLL4 on DCs reduced
Th17 polarization in vitro and in vivo. In addition, we show that the Mtb Hip1
protease attenuates DLL4 expression on lung DCs by impeding CD40 signaling.
Overall, our results demonstrate that Mtb impedes CD40-dependent DLL4
expression to restrict Th17 responses and identify the CD40-DLL4
pathways as targets for developing new Th17-inducing vaccines and adjuvants
for tuberculosis.

INTRODUCTION

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis (TB), a serious global health prob-

lem that led to the death of 1.5 million individuals worldwide in 2020 (World Health Organization, 2021)

alone. The currently licensed vaccine against TB, Mycobacterium bovis Bacillus Calmette-Guérin (BCG),

has poor efficacy against pulmonary TB in adults and children (Rodrigues et al., 1993; Mangtani et al.,

2014). Significant barriers that hinder developing more efficacious TB vaccines include our limited under-

standing of protective immunity against infection and disease, and the Mtb immune evasion mechanisms

that impede protective host immune responses. CD4 effector T cell responses are critical for immune con-

trol of Mtb. IFN-g-producing CD4 T helper 1 (Th1) cells are necessary for inducing antimicrobial functions in

macrophages (Flynn et al., 1993; Cooper et al., 1993; Newport et al., 1996; Macmicking et al., 1997; Cooper,

2009), but are insufficient for providing protection against TB disease. Studies in animal models and hu-

mans from several groups, including our own, have identified important roles for IL-17 and Th17 responses

in protective immunity against Mtb (Perreau et al., 2013; Gopal et al., 2014; Okada et al., 2015; Sia et al.,

2017; Dijkman et al., 2019; Shanmugasundaram et al., 2020; Ogongo et al., 2021; Nathan et al., 2021)

and suggest that vaccines that induce early Th17 responses will provide enhanced protection against TB.

However, we have previously shown that Mtb actively limits the early generation of lung Th17 responses

through the immunomodulatory functions of the Mtb serine protease Hip1 (Madan-Lala et al., 2014; Sia

et al., 2017). Therefore, delineating the molecular basis for Th17 polarization following infection and the

mechanisms employed by Mtb to limit Th17 generation will allow us to design efficacious TB vaccines

that induce protective immunity.

Dendritic cells (DCs) are critical for initiating the activation, proliferation and polarization of naı̈ve CD4

T cells by presenting pathogen-derived antigens, upregulating co-stimulatory molecules, and producing

cytokines that contribute to polarization into Th1, Th17 and other Th subsets (Tascon et al., 2000; Wolf

et al., 2007, 2008). However, Mtb is able to impede DC functions and impair DC-T cell crosstalk, leading

to sub-optimal effector Th cell responses that fail to eliminate infection (Wolf et al., 2007; Madan-Lala

et al., 2014; Sia et al., 2017). We recently demonstrated that the CD40�CD40L costimulatory pathway is
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necessary for generating Th17 responses and that Mtb limits Th17 responses by impairing interactions

between CD40 on DCs and CD40L on CD4 T cells through Hip1 protease (Madan-Lala et al., 2014;

Sia et al., 2017). Importantly, we showed that exogenously engaging CD40 on Mtb-infected DCs led

to significant enhancement of mucosal Mtb-specific Th17 responses and improved control of Mtb

lung burdens in mouse models (Sia et al., 2017). These studies demonstrate that targeting the

CD40�CD40L pathway is an attractive approach for developing new Th17-inducing vaccine adjuvants

and therapeutics.

In order to better inform development of vaccine and therapeutic strategies that would augment DC re-

sponses and Th17 polarization, we sought to elucidate the molecular pathways downstream of CD40

signaling in DCs that preferentially induce Th17 polarization. Here we identify the Notch ligand delta-like

canonical Notch ligand 4 (DLL4) as necessary for Th17 polarization and demonstrate that Mtb limits DLL4

signaling on DCs to prevent optimal Th17 responses. Notch signaling is initiated by ligand-receptor bind-

ing and requires binding of any of the five ligands: DLL1, DLL3, DLL4, Jagged1, or Jagged2 to any of the

four Notch receptors, NOTCH1-4, on neighboring cells (Kopan and Ilagan, 2009). We found that while Mtb

infection induced only low levels ofDll4mRNA in DCs, exogenous CD40 engagement of Mtb-infected DCs

substantially increased Dll4 expression and led to high frequencies of DLL4+ DCs. We hypothesized that

CD40-dependent Th17 polarization is mediated by Notch ligands and tested this hypothesis by blocking

Notch ligand signaling. Antibody blockade experiments showed that DLL4 is required for Th17 polarization

during Mtb infection, both in vitro and in vivo, providing new evidence that links CD40, DLL4 and Th17 po-

larization. Moreover, CD40-engagement enabled DCs to induce multifunctional CXCR3+CCR6+ Th17 sub-

sets in the lung, including double-positive (DP) IL-17+IFN-g+ and IL-17+IL-22+ subsets and triple-positive

(TP) IL-17+IFN-g+IL-22+ subsets that have been associated with protective immunity against TB (Scriba

et al., 2008; Arlehamn et al., 2014; Shanmugasundaram et al., 2020). IL-17 and IL-22 expression positively

correlated with NOTCH2 receptor expression on Th subsets and these responses were abrogated upon

blocking DLL4 on DCs. Moreover, DLL4-dependent IL-17 responses inversely correlated withMtb lung bur-

dens, suggesting that DLL4 signaling promotes Th17 responses and augments Mtb control. In addition, we

found that the Hip1 protease impedes DLL4 expression on lung DCs through a CD40-dependent mecha-

nism. To our knowledge, our studies are the first to demonstrate that Notch signaling downstream of

CD40�CD40L interactions is necessary for generating Th17 responses during Mtb infection and that over-

coming Mtb limitation of CD40 and Notch ligand signaling pathways can promote protective immunity.

Our studies thus identify CD40 and DLL4 as targets for adjuvant-mediated immunomodulation during

vaccination.

RESULTS

Engaging CD40 on Mtb-infected dendritic cells augments pro-inflammatory cytokines and

enhances expression of notch ligand Dll4

To identify the CD40-dependent mechanisms that enable DCs to polarize Th cells towards Th17 subsets, we

employed our previously-described model in which we exogenously engaged CD40 using the multimeric

CD40L reagent (CD40LT), which crosslinks CD40 and effectively simulates the membrane-assisted aggre-

gation of CD40L (Sia et al., 2017). We infected bone marrow-derived dendritic cells (BMDCs) from C57BL/6

(B6) mice in the presence or absence of CD40LT for up to 72 h (Figure 1). At designated time points after

infection, we used quantitative polymerase chain reaction (qPCR) to assess gene expression and harvested

supernatants to measure IL-6 and IL-12p40 cytokine production by enzyme-linked immunosorbent assay

(ELISA). IL-6 and IL-12p40 are two pro-inflammatory cytokines that are produced by activated DCs and

contribute to Th17 and Th1 polarization, respectively. We confirmed that Mtb-infected BMDCs stimulated

with CD40LT produced significantly higher levels of pro-inflammatory cytokines IL-6 and IL-12p40, as pre-

viously demonstrated (Sia et al., 2017) (Figure 1A), along with significant increase in Il6 and Il12b mRNA

levels (Figure 1B). We next measured the expression of Notch ligands Dll4 and Jag1. The addition of

CD40LT toMtb-infected DCs increasedmRNA corresponding toDll4 by�100-fold compared to Mtb alone

and led to a significant increase at 72H (Figure 1C). In contrast, Jag1mRNA levels did not increase with the

addition of CD40LT and were comparable to Mtb infection alone (Figure 1C). Although stimulating BMDCs

with CD40LT alone induced Dll4 mRNA compared to uninfected (UI), addition of CD40LT in the context of

Mtb infection induced substantially more expression of Dll4 than CD40LT or Mtb alone (Figure S1).

We were unable to detect the expression of additional Notch ligands Dll1, Dll3 or Jag2 (A.B.E. and J.R.,

unpublished data). To compare our Mtb-DC infections to the responses induced by purified ligands

that bind pattern recognition receptors (PRRs), we stimulated DCs with LPS (TLR4 agonist) or zymosan
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(TLR2/Dectin-1 agonist) (Figure S2). LPS and zymosan each led to significant induction of IL-6 and IL-12p40

protein and corresponding mRNA (Figures S2A–S2C). Importantly, both LPS and zymosan induced robust

expression ofDll4mRNA at levels that were comparable to Mtb + CD40LT conditions (Figure S2D). Consis-

tent with Mtb infection results, neither LPS or zymosan induced robust expression of Jag1 (Figure S2D). We

also found that addition of CD40LT significantly augmented Dll4 mRNA following stimulation with LPS,

zymosan or the Th17-skewing fungal pathogen Candidia albicans (Hernández-Santos and Gaffen, 2012)

(C. albicans; Figure S3). Taken together, our results suggest that the expression of Dll4 in DCs is limited

duringMtb infection but can be augmented by engaging CD40 onDCs. Moreover, consistent with previous

observations, Jag1 is constitutively expressed in DCs and is not further induced by stimulation with either

Figure 1. Engaging CD40 on Mtb-infected DCs augments pro-inflammatory cytokines and enhances expression

of Notch ligand Dll4

BMDCs were infected with either media (UI) or Mtb H37Rv strain at an MOI of 1 in the presence or absence of 1 mg/mL of

multimeric CD40L reagent (CD40LT). At designated time points, cellfree supernatants and RNA were collected to assay

for cytokine secretion and mRNA transcript.

(A) ELISA measurements of IL-6 and IL-12p40 in supernatants.

(B and C) qPCR analysis of genes was standardized to the housekeeping gene GAPDH, analyzed using the DDCt method,

and presented as 2-DDCt. Data are presented as mean G SD (a) or mean G SEM (B and C). Data are representative of 3

independent experiments. Data were analyzed in (A) using a one-way ANOVA with a correction for multiple comparisons

and (B and C) using a two-way ANOVAwith a correction for multiple comparisons. Statistical significance p value key is the

following: * = % 0.05, **** = % 0.0001. See also Figures S1–S4.
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Mtb or PRR ligands (Napolitani et al., 2005). These data show that engagement of CD40 on DCs augments

Dll4 mRNA in the context of Mtb infection as well other PRR ligands and Th17- skewing pathogens.

We next sought to test whether the induction of Dll4 observed following addition of CD40LT is dependent on

Mtb viability. We stimulated BMDCs with heat-killed Mtb (HK Mtb) with or without CD40LT for up to 48 h and

collected supernatant and RNA for ELISA and qPCR assays, respectively, as described in Figure 1. As with live

Mtb infection, we observed a significant increase in IL-6 and IL-12p40 protein following the addition of

CD40LT (Figure S4A) and increase in Il6 and Il12b mRNA levels (Figure S4B). Moreover, addition of CD40LT

led to a significant increase inDll4 compared toHKMtb alonewhile Jag1 levels remainedunaltered (Figure S4C).

These results demonstrate that the lack ofDll4 upregulation followingMtb infection as well as the enhancedDll4

expression upon CD40 engagement is not dependent on the presence of live bacteria.

Engaging CD40 on Mtb-stimulated DCs enhances surface expression of DLL4 and Jagged1

Notch ligands need to be present on the surface of cells in order to interact with Notch receptors on neigh-

boring cells (Kopan and Ilagan, 2009). Therefore, having observed an increase in Dll4 mRNA following the

addition of CD40LT, we next sought to test whether CD40 engagement also induces Notch ligand expres-

sion on the surface of Mtb-infected DCs.We stimulated BMDCs with HKMtb and collected cells at different

time points over a 24-h time course and assessed surface expression of DLL4 and Jagged1 using flow cy-

tometry. The addition of CD40LT led to a significant increase in the populations of DCs expressing DLL4 or

Jagged1 compared to Mtb alone as assessed by frequencies (Figures 2A and 2B) and MFI (Figure 2C).

Notably, the majority of CD40-enagaged DCs expressed both DLL4 and Jagged1 simultaneously

(Figures 2A and 2B). These data demonstrate that in addition to increasing Dll4mRNA, CD40 engagement

augments surface expression of DLL4 and that all DLL4-expressing DCs were also positive for Jagged1.

DLL4 is required for Th17 polarization but is dispensable for Th1 polarization

To investigate the role of DLL4 and Jagged1 in CD40-mediated Th17 polarization during Mtb infection, we

set up DC-T cell co-culture assays as previously described (Sia et al., 2017). Because deletion of either DLL4

or Jagged1 in mice is embryonically lethal (Xue et al., 1999; Gale et al., 2004; Krebs et al., 2004; Duarte et al.,

2004), we used blocking antibodies corresponding to each of the two Notch ligands. DCs exposed to Mtb

in the presence or absence of CD40LT for 24 h were co-cultured with OT-II transgenic T cells and cognate

OVA peptide (OVA323–339). At the time of co-culture, blocking antibodies to either DLL4, Jagged1, or a

combination of DLL4 and Jagged1 antibodies were added to each well at increasing concentrations.

Following 72 h of co-culture, cell-free supernatants were harvested and IFN-g and IL-17 production were

measured by ELISA to represent Th1 and Th17 cytokines, respectively (Figures 3A and 3B). As previously

demonstrated (Sia et al., 2017), addition of CD40LT enhanced IL-17 levels in co-culture but did not augment

IFN-g levels (Figures 3A and 3B). CD40LT stimulation alone did not lead to an increase in Th17 polarization

and was comparable to the uninfected condition (Figure S5). Antibody blockade of Jagged1 during co-cul-

ture led to a significant reduction in both IFN-g and IL-17 compared to controls, whereas blocking DLL4

alone preferentially decreased IL-17 levels without significantly altering IFN-g production (Figures 3A

and 3B). We also measured IL-2 production (Figure 3C) and found that blockade of Jagged1 resulted in

a significant reduction in IL-2. In contrast, addition of anti-DLL4 did not alter IL-2 production, suggesting

that blockade of DLL4 did not impact the expansion of CD4 T cells. Isotype controls for each of the Notch

ligand antibodies demonstrated the specificity of these results (Figure S6). Furthermore, providing Notch

ligand blockade also led to a reduction in Th17 polarization following heat-killed C. albicans + CD40LT DC

stimulation (Figure S7). These data indicate that CD40 engagement promotes Th17 polarization via Notch

ligands. Importantly, DLL4 is specifically required for Th17 polarization but is not required for Th1
polarization.

To further investigate the role of DLL4, either singly or in combination with Jagged1, in Th17 polarization

in vivo, we used an intratracheal (IT) transfer model to transfer BMDCs directly into the lungs of mice

(Sia et al., 2017). This model allows us to specifically dissect how CD40 and Notch ligands on DCs impact

T cell polarization in vivo. Groups of BMDCs exposed to different experimental conditions (depicted in Fig-

ure 4A) were intratracheally transferred into mouse lungs in the presence or absence of blocking antibodies

to DLL4 alone, or both DLL4 and Jagged1. One day before IT transfer of DCs, purified naı̈ve CD4 T cells

from ESAT1-20-Tg mice were adoptively transferred into mice via the intravenous (IV) route. Six days after

intratracheal DC transfer, mice were euthanized and single-cell lung suspensions were stimulated with

ESAT-61-20 peptide (to stimulate antigen-specific T cells), and responses were measured using flow
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cytometry. We observed a significant increase in the frequencies of IL-17+ CD4 T cells on transfer of CD40-

engaged Mtb-DCs compared to controls, whereas IL-2+ and IFN-g+ CD4 T cells were unaffected by

CD40LT addition (Figures 4B and 4C). Providing DLL4 blocking antibodies led to significantly reduced fre-

quencies of antigen-specific IL-17+ CD4 T cells but did not affect IFN-g+ or IL-2+ CD4 T cell frequencies

(Figures 4B and 4C). This supports our in vitro polarization assay data (Figure 3) and demonstrates that

DLL4 blockade specifically affects Th17 polarization but does not impact Th1 polarization or overall T cell

expansion. Blocking both DLL4 and Jagged1 significantly reduced IL-17+ and IL-2+ CD4 T cell frequencies

but also resulted in lower IFN-g+ CD4 T cells (Figures 4B and 4C). These data support a critical role for DLL4

alone or in combination with Jagged1 in Th17 polarization during Mtb stimulation in vivo.

CD40-mediated Th17 polarization during Mtb infection is dependent on DLL4 in the lungs of

mice

Our data demonstrates that Mtb limits DLL4 during infection and that CD40 engagement of Mtb-infected

DCs leads to significant induction of DLL4 which is required for Th17 polarization (Figures 3 and 4). To

Figure 2. Engaging CD40 on Mtb-stimulated DCs enhances surface expression of DLL4 and Jagged1

BMDCs were stimulated with either media (UI) or HK Mtb (MOI 30) with or without the addition of 1 mg/mL of CD40LT. At designated time points, cells were

collected and stained for surface markers.

(A) Representative flow cytometry plot of DLL4+ and Jagged1+ frequencies.

(B) Frequency of DLL4+ and Jagged1+ and double-positive populations.

(C) MFI of DLL4 and Jagged1 expression and representative graphs. All populations are singlets/live cells/CD11c+MHCIIhi. UI presented is 0H UI. Data

are presented as mean G SD. Data are representative of 3 independent experiments. Data were analyzed in (B) using a two-way ANOVA with a correction

for multiple comparisons and (C) using an unpaired Student’s t test. Statistical significance p value key is the following: * = % 0.05, ** = % 0.01, *** = %

0.001, **** = % 0.0001.
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Figure 3. DLL4 is required for Th17 polarization but is dispensable for Th1 polarization

BMDCs were stimulated with either media alone (UI), or HKMtb (MOI 30) with or without 1 mg/mL of CD40LT. Following 24H of stimulation, cells were pulsed

with 10 mg/mL of cognate peptide (OVA323-339) for one hour and then co-cultured with purified naı̈ve CD4OT-II Tg Thy1.1 T cells at a ratio of 4:1 T cells to DCs.

For blockade conditions, blocking antibodies to either DLL4, Jagged1, or both DLL4 and Jagged1 combined, were added at the time of co-culture at the

following concentrations: 15, 30, or 60 mg/mL. After 72H of co-culture, cell-free supernatants were harvested and assayed for cytokines by ELISA.

(A) IFN-g (Th1).

(B) IL-17 (Th17).

(C) IL-2. Data are presented as mean G SD. Data are representative of 3 independent experiments. Data were analyzed using a one-way ANOVA with

a correction for multiple comparisons (all data points were compared to Mtb + CD40LT). Statistical significance p value key is the following: *** = %

0.001, **** = % 0.0001. See also Figures S5–S7.
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further examine the role of DLL4 and CD40 in polarizing endogenous Th cells towards Th17 and other sub-

sets in vivo, we transferred Mtb-infected DCs directly into the lungs of naı̈ve B6 mice and carried out

detailed phenotyping of the Th subsets in the presence or absence of DLL4 blocking antibodies (Figure 5A).

BMDCs were infected in vitro for 48 h with Mtb in the presence or absence of CD40LT, with or without DLL4

blocking antibody. After the infection period, BMDCs were harvested and transferred into the lungs of mice

as previously described (Sia et al., 2017) (Figure 5). At four weeks post-transfer, we euthanized mice and

generated single cell lung suspensions to assess the ex vivo CD4 T cell cytokine responses induced by

transferred DCs using flow cytometry. As with our previous data (Figure 4), CD40LT did not augment IL-

2+ and IFN-g+ CD4 T cell frequencies and DLL4 blockade did not impact these responses (Figure 5B). How-

ever, the transfer of CD40LT-treated DCs led to higher frequencies of IL-17+ CD4 T cells and providing

DLL4 blocking antibody in this context significantly reduced Th17 responses (Figure 5B). In addition to

IL-17, the cytokine IL-22 has also been reported to be produced by Th17 cells in mucosal settings (Liang

et al., 2006). Notably, we found that CD40 engagement also led to significantly higher IL-22+ CD4 T cell

Figure 4. Blocking DLL4 singly or in combination with Jagged1 on DCs reduces antigen-specific IL-17+ CD4 T cell frequencies in vivo

(A) Experimental schema. BMDCs we stimulated with either media alone (UI), or HK Mtb (MOI 30) with or without 1 mg/mL of CD40LT for 24H. At this time in

the CD40LT condition, either DLL4 or DLL4 and Jagged1 blocking antibodies (30 mg/mL) were added. One day before transfer, 1E6 ESAT-6 transgenic T cells

were transferred into mice via the intravenous (IV) route. On the day of intratracheal (IT) transfer, 1E6 DCs were transferred. At 6 days after transfer, mice were

euthanized and lung single cell suspensions were stimulated with 10 mg/mL ESAT-61-20 peptide to assess antigen-specific responses. Cells were then stained

for flow cytometry.

(B) Representative flow cytometry plots of IFN-g+ and IL-17+ frequencies.

(C) Cytokine-positive frequency of CD4 T cells. Populations shown are singlets/live cells/CD3+/CD4+. Experimental schema was made with BioRender.com.

Data are presented as meanG SD. Data are representative of 2 independent experiments. Data were analyzed using a one-way ANOVAwith a correction for

multiple comparisons. Statistical significance p value key is the following: ns = no significance, * = % 0.05, ** = % 0.01, *** = % 0.001, **** = % 0.0001.
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frequencies and blocking DLL4 reversed this effect (Figure 5B). We extended our analyses to examine mul-

tiple-cytokine producing CD4 T cells, which have been implicated in protection against TB (Scriba et al.,

2008; Arlehamn et al., 2014; Dijkman et al., 2019; Shanmugasundaram et al., 2020). Of interest, the Boolean

analysis showed that CD40LT also augmented the frequencies of double-positive (DP) IL-17+IL-22+ and tri-

ple-positive (TP) IL-17+ IFN-g+ IL-22+ CD4 T cells (Figure 5C). Moreover, the chemokine receptors CXCR3

and CCR6, which have been associated with protective Th17 and Th1/Th17 subsets (Arlehamn et al., 2014;

Shanmugasundaram et al., 2020), were co-expressed on single-positive (SP) IL-17+ and DP IL-17+IL-22+

populations induced by CD40LT but these were abrogated upon DLL4 blockade (Figure 5D). We obtained

similar results on assaying Mtb antigen-specific responses following ex vivo stimulation of lung cells with

Mtb whole cell lysate (WCL) (Figure S8). Isotype controls for either antibody demonstrated the specificity

of these results (Figure S9). Overall, these results demonstrate an essential role for DLL4 in generating both

bulk and antigen-specific multifunctional Th17 responses during Mtb infection.

The dependence on DLL4 for Th17 polarization demonstrates a critical role for Notch signaling during Mtb

infection. The Notch signaling pathway is activated once a Notch ligand binds to a Notch receptor to

initiate downstream effector functions (Kopan and Ilagan, 2009). Therefore, we next sought to test Notch

receptor expression on T cells. Because murine CD4 T cells express NOTCH1 and NOTCH2 (Fiorini et al.,

2009), we tested the presence of these two receptors in the same groups of mice. Interestingly, we found

that transfer of Mtb-infected DCs plus CD40LT significantly increased the frequencies of NOTCH2+ and

NOTCH1+NOTCH2+ CD4 T cells (Figure 6A). The median of values of NOTCH1+ appears to be greater

in the Mtb + CD40LT condition, but this result is not significant (Figure 6A). DLL4 blockade led to a reduc-

tion in NOTCH2+ and NOTCH1+NOTCH2+ DP CD4 T cells (Figure 6A) and in IL-17+ cells expressing

NOTCH1 or 2 (Figure 6B). Taken together, these data support the role of Notch ligand-Notch receptor

signaling downstream of CD40 in generating Th17 responses during Mtb infection.

DLL4-mediated Th17 responses correlate with NOTCH2 expression and lower lung Mtb

burden

To gain insights into the relationships between DC and T cell markers in the lung we next performed cor-

relation analyses from our multiparameter flow cytometry data (Figure 7). We found that IL-17-producing

CD4 T cells not only correlated with CD40L expression on CD4 T cells, consistent with our previous study

(Sia et al., 2017), but also showed positive correlations with NOTCH1 and NOTCH2 expression (Figures 7A

and 7B). IL-22 expression was positively correlated with CD40L and NOTCH2 but not with NOTCH1 (Fig-

ure 7B), whereas IFN-g expression did not correlate with either of the two NOTCH receptors (Figure S10).

We were curious to study the relationship between T cell markers in our panels and Mtb load (measured by

plating for CFU) in the lungs of mice. We found that transfer of infected DCs treated with CD40LT led to

significantly lower Mtb burdens in the lungs compared to infection alone, whereas Mtb burdens in mice

that received DLL4 blocking antibody had significantly higher Mtb CFU, comparable to the CD40LT-un-

treated group (Figure 7C). Correlogram analyses showed that only two markers, IL-17 and NOTCH2,

had significant negative correlations with CFU (Figure 7C). Taken together, these results suggest that

CD40 engagement on DCs augments Mtb control through increased IL-17 responses and Notch signaling

pathways.

Mtb restriction of CD40 and DLL4 signaling in lung DCs is mediated by the Hip1 serine

protease

We previously showed that Mtb prevents CD40 expression on infected DCs through the immunomodula-

tory serine protease Hip1 (Madan-Lala et al., 2014; Sia et al., 2017; Georgieva et al., 2018). A hip1mutant

induced robust CD40 expression and higher Th17 responses compared to wild type Mtb (Madan-Lala

Figure 5. Blocking DLL4 on Mtb-infected DCs reduces Th17 and multifunctional CD4 T cell responses in vivo

(A) Experimental schema. BMDCs were infected with Mtb at an MOI of 1, with or without CD40LT, for 48H. For antibody blockade studies, 60 mg/mL anti-

DLL4 antibody was added during infection. DCs were then harvested and 1E6 were intratracheally (IT) transferred into the lungs of mice along with additional

blocking antibody. At 4 weeks post transfer, mice were euthanized and lung suspensions were unstimulated to asses ex vivo responses using flow cytometry.

(B) Frequency of cytokine-positive CD4 T cells.

(C) Boolean analysis of frequency of multiple cytokine-positive CD4 T cells.

(D) Frequency of CXCR3+CCR6+ CD4 T cells and Boolean analysis of CXCR3+CCR6+ and cytokine-positive CD4 T cells. All populations are singlets/live cells/

CD3+/CD4+. Experimental schema was made with BioRender.com. Data are presented as mean G SD. Data are representative of 2 independent experi-

ments. Data were analyzed using a one-way ANOVA with a correction for multiple comparisons. Statistical significance p value key is the following: * = %

0.05, ** = % 0.01, *** = % 0.001. SP = single-positive, DP = double-positive, TP = triple-positive. See also Figures S8 and S9.
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et al., 2014; Sia et al., 2017; Georgieva et al., 2018). We also showed that Mtb Hip1 restricts optimal Th17
polarization by dampening the CD40 costimulatory pathway and that engaging CD40 on DCs enhances

Th17 responses to levels comparable to that induced by the hip1mutant (Sia et al., 2017; Georgieva

et al., 2018). Thus, the hip1mutant provides us with a unique tool to further probe the relationship between

CD40 and DLL4 pathways during in vivoMtb infection. We infected C57BL/6 mice with either wild type Mtb

or the hip1 mutant via the aerosol route and euthanized mice two weeks post-infection to assess early im-

mune responses (Figure 8A). We harvested the lungs and stained single cell suspensions for cell surface

and intracellular markers to analyze by flow cytometry. We observed that the hip1 mutant induced robust

CD40 expression on DCs in the lung compared to wild typeMtb (Figure 8B). We next examined the expres-

sion of DLL4 and Jagged1 in two populations of lung DCs: CD11b+ and CD103+ DCs. These are the two

main populations of classical DCs in the lungs and have been implicated in Th polarization (Furuhashi

et al., 2012; Zelante et al., 2015; Lai et al., 2018). Infection with the hip1 mutant, but not wild type Mtb,

led to significantly higher frequencies of DLL4+ and DLL4+Jagged1+ DCs of both types in the lungs of in-

fected mice (Figures 8C and 8D). Frequencies of Jagged1+ DCs in the lung were higher in both infected

groups compared to uninfected mice, but indistinguishable between wild type and hip1 mutant groups

(Figures 8C and 8D). We next assessed ex vivo T cell responses in these same groups of mice at this early

Figure 6. Engaging CD40 on Mtb-infected DCs increases NOTCH2 expression on CD4 T cells in the lung

BMDCs were infected with Mtb at an MOI of 1, with or without CD40LT, for 48H. For antibody blockade studies, 60 mg/mL anti-DLL4 antibody was added

during infection. DCs were then harvested and 1E6 were intratracheally (IT) transferred into the lungs of mice along with additional blocking antibody. At

4 weeks post transfer, mice were euthanized and lung suspensions were unstimulated to asses ex vivo responses using flow cytometry.

(A) Frequency of NOTCH receptor-positive CD4 T cells.

(B) Boolean analysis of NOTCH receptor-expressing and cytokine-positive CD4 T cells. All populations are singlets/live cells/CD3+/CD4+. Data are pre-

sented as mean G SD. Data are representative of 2 independent experiments. Data were analyzed using a one-way ANOVA with a correction for multiple

comparisons. Statistical significance p value key is the following: * = % 0.05, ** = % 0.01, *** = % 0.001, **** = % 0.0001.
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Figure 7. Th17 responses correlate with NOTCH2 expression and lower lung CFU

BMDCs were infected with Mtb at an MOI of 1, with or without CD40LT, for 48H. For antibody blockade studies, 60 mg/mL anti-DLL4 antibody was added

during infection. DCs were then harvested and 1E6 were intratracheally (IT) transferred into the lungs of mice along with additional blocking antibody. At

ll
OPEN ACCESS

iScience 25, 104305, May 20, 2022 11

iScience
Article



time point. Consistent with previous data, infection with hip1mutant resulted in significantly higher fre-

quencies of IL-17+ CD4 T cells (Madan-Lala et al., 2014; Sia et al., 2017; Georgieva et al., 2018) as well as

significantly higher frequencies of IL-2+, IFN-g+, and IL-22+ CD4 T cells in the lung compared to wild

type Mtb infection (Figure 8E). Interestingly, the hip1mutant also induced higher frequencies of Notch re-

ceptor-expressing T cells compared to Mtb infection (Figure 8E). Furthermore, correlogram analyses

showed that DLL4 expression on CD103+ DCs positively correlated with IL-17 and NOTCH2 expression

on T cells (Figure 8F) but did not show any association with IFN-g, IL-22, or NOTCH1 (Figure S11). These

data suggest that DLL4-NOTCH2 interactions likely mediate Th17 polarization during Mtb infection.

Thus, the absence of Hip1 augments CD40 and DLL4 signaling and subsequent Th17 responses whereas

the presence of Hip1 impairs CD40-DLL4 signaling to limit Th17 responses.

The similarity between the responses elicited by exogenous engagement of CD40 in the context of wild

type Mtb infection and infection with the hip1mutant led us to hypothesize that the hip1mutant increases

DLL4 expression on lung DCs through CD40 engagement. To test the requirement for CD40 in Notch

ligand expression, we infected mice lacking CD40 (CD40�/�) or C57BL/6 mice with intact CD40

(CD40+/+) with either wild type Mtb or the hip1mutantvia the aerosol route. We assessed DC and

ex vivoT cell profiles two weeks post-infection using flow cytometry (Figure 9). Figure 9A shows that

DLL4+ and DLL4+Jagged1+ lung DC populations induced by the hip1mutant are dependent on CD40.

We observed a significant reduction in the frequencies of IL-2+, IFN-g+ and IL-22+ CD4 T cells and a reduc-

tion in IL-17+ CD4 T cell frequencies in the CD40�/� group relative to the CD40+/+ group (Figure 9B). In

addition, we observed reduced levels of NOTCH2+ and NOTCH1+NOTCH2+ co-expressing cells and

significantly reduced levels of NOTCH1+ (Figure 9C). Taken together, these data demonstrate that in vivo

induction of DLL4 signaling is dependent on CD40 expression on lung DCs and suggests that DLL4-

NOTCH2 interactions in turn promote optimal polarization of Th17 responses. Importantly, these data

implicate the Hip1 serine protease in impeding CD40-dependent Notch ligand signaling and highlight lim-

itation of CD40 and DLL4 signaling as an immune evasion mechanism that dampens Th17 polarization dur-

ing Mtb infection.

DISCUSSION

In this study, we identify Notch ligand signaling on DCs as a critical mechanism for Th17 polarization during

Mtb infection. We demonstrate that induction of the Notch ligand DLL4 downstream of CD40 signaling

augments Th17 responses, which correlated with lower Mtb lung burdens. DLL4 is required for inducing

multifunctional CXCR3+CCR6+-expressing DP IL-17+IFN-g+, IL-17+IL-22+ and TP IL-17+IFN-g+IL-22+ sub-

sets in the lung. In addition, we provide evidence that Mtb limits CD40-dependent Notch ligand signaling

and dampens Th17 responses through the immunomodulatory Hip1 serine protease. Overall, our studies

provide new molecular insights into Th17 responses during Mtb infection and reveal key innate pathways

that can be targeted to enhance protective CD4 T cell responses and improve pulmonary control of Mtb.

DCs are critical for shaping adaptive immunity and are necessary for initiating T cell responses in the lung

followingMtb infection. However, it is now well established that Mtb impedes DC functions to subvert early

protective T cell responses (Wolf et al., 2007; Madan-Lala et al., 2014; Sia et al., 2017; Georgieva et al., 2018)

and restrict Th17 polarization (Madan-Lala et al., 2014; Sia et al., 2017; Georgieva et al., 2018). Our group

reported that Mtb prevents optimal crosstalk between DCs and CD4 T cells by impairing the CD40 costi-

mulatory pathway (Sia et al., 2017). Specifically, we showed that interactions between CD40 on DCs and

CD40L on T cells are necessary for Th17 polarization during Mtb infection, even when Th17-polarizing cyto-

kines such as IL-6, IL-1b and IL-23 are present, and that exogenously triggering CD40 signaling on DCs en-

hances Th17 responses and improves control of pathogen burdens in the lungs (Sia et al., 2017). However,

Figure 7. Continued

4 weeks post transfer, mice were euthanized and lung suspensions were unstimulated to asses ex vivo responses using flow cytometry and lung

homogenates were plated to enumerate Mtb burdens.

(A) Correlogram using R package ‘‘corrplot’’ showing correlation between the frequency of marker-positive CD4 T cells and frequency of cytokine-positive

CD4 T cells.

(B) Correlations in R using ‘‘ggscatter’’ between the frequency of marker-positive CD4 T cells and frequency of cytokine-positive CD4 T cells.

(C) Mtb lung colony-forming unit (CFU) and correlations between CFU and frequencies of marker-positive or cytokine-positive CD4 T cells using ‘‘ggscatter’’

in R. All correlations presented are Pearson’s correlations. Data in C) are presented as meanG SD and were analyzed using an unpaired Student’s t test. Data

are representative of 2 independent experiments. Statistical significance p value key is the following: * =% 0.05, ** =% 0.01, *** =% 0.001, **** =% 0.0001.

See also Figure S10.
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Figure 8. Mtb restricts DLL4 expression and early CD4 T cells responses in the lung through the Hip1 serine protease

(A) Experimental schema. C57BL/6 mice were infected via the aerosol route with a low-dose of Mtb or hip1mutant. Following 2 weeks post-infection, mice

were euthanized and lung ex vivo responses were measured using flow cytometry.

(B–D) (B) Frequency of CD40-expressing CD11b+ DCs and CD40-expressing CD103+ DCs. Representative flow plots and frequency of DLL4+, Jagged1+, and

DLL4+Jagged1+ for (C) CD11b+ DCs and (D) CD103+ DCs.

(E) Frequency of cytokine-positive and NOTCH receptor-positive CD4 T cells.

(F) Correlations between different CD4 T cell and innate immune population markers using ‘‘ggscatter’’ in R. All CD11b+ DC populations are singlets/live

cells/CD45+/CD3-/CD64-F4/80-/MHCII+CD11c+/CD11b+CD103-. All CD103+ DC populations are singlets/live cells/CD45+/CD3-/CD64-F4/80-/MHCII+-

CD11c+/CD11b�CD103+. All T cell populations are singlets/live cells/CD3+/CD4+. All correlations presented are Pearson’s correlations. Experimental

schema was made with BioRender.com. Data in B-E are presented as mean G SD. Data were analyzed in B–E using unpaired Student’s t-tests. Data are

representative of 2 independent experiments. Statistical significance p value key is the following: * = % 0.05, ** = % 0.01. See also Figure S11.
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the mechanism by which CD40 orchestrates Th17 polarization in response to Mtb or other stimuli was not

well understood. We now demonstrate that engaging CD40 on DCs during Mtb infection leads to upregu-

lation of the Notch ligandDll4 (Figures 1 and S4) and increases cell surface expression of DLL4 and Jagged1

on DCs (Figure 2). In contrast, Jag1 is constitutively expressed and is not further induced by infection

Figure 9. Hip1 impedes DLL4 expression on lung DCs via a CD40-dependent mechanism

C57BL/6 (CD40+/+) or CD40�/� mice were infected via the aerosol route with a low-dose of Mtb or hip1mutant. Following 2 weeks post-infection, mice were

euthanized and lung ex vivo responses were measured using flow cytometry.

(A) Fold of infected mice over uninfected mice (from the same mouse strain) for DLL4+ and DLL4+Jagged1+ in the CD103+ DC population.

(B) Fold over uninfected for cytokine-positive CD4 T cells.

(C) Fold over uninfected for NOTCH receptor-positive CD4 T cells. All CD11b+ DC populations are singlets/live cells/CD45+/CD3-/CD64-F4/80-/MHCII+-

CD11c+/CD11b+CD103-. All CD103+ DC populations are singlets/live cells/CD45+/CD3-/CD64-F4/80-/MHCII+CD11c+/CD11b�CD103+. All T cell popula-

tions are singlets/live cells/CD3+/CD4+. Data were analyzed using a one-way ANOVA with a correction for multiple comparisons. Data are presented as fold

over uninfected mean G SD. Data are representative of 2 independent experiments. Statistical significance p value key is the following: * = % 0.05, ** = %

0.01, *** = % 0.001.
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(Figures 1 and S4). Notably all DLL4+ DCs were also positive for Jagged1, leading to high frequencies of

double-positive DLL4+Jagged1+ DC populations (Figure 2). We also show that blocking DLL4 abrogates

CD40-dependent Th17 polarization in vitro (Figure 3) and in vivo (Figures 4 and 5) but does not significantly

impact Th1 polarization, highlighting a critical role for DLL4 in Th17 polarization. These findings reveal

important insights into how DC responses mediate Th17 polarization during Mtb infection. In addition,

our results on C. albicans and other PRR ligands (Figures S3 and S7) suggests that these insights are likely

to also be important for understanding Th17 polarization beyond Mtb infection.

Although collaboration between CD40 and DLL4 in Th17 polarization has not been previously reported,

expression of the Notch ligands Dll4 and Jag1 has largely been studied in the context of Th1/Th2 differen-

tiation in response to TLR stimulation and anti-CD40 antibody (Sauma et al., 2011). Some reports have

linked DLL4 with Th17 polarization in response to stimulating with TLR ligands in vitro or following BCG

infection, but these studies did not demonstrate a clear requirement for DLL4 or CD40-DLL4 collaboration

in generating Th17 responses (Ito et al., 2009; Mukherjee et al., 2009; Meng et al., 2016). Thus, to our knowl-

edge, this is the first study to link CD40 and DLL4 signaling on DCs to Th17 polarization duringMtb infection

and provides key insights that can be applied to other experimental models where immunomodulation of

Th17 responses is of interest. In addition to their roles in Th17 polarization, our study also identifies a role for

CD40 and Notch ligands in promoting multifunctional lung Th responses in vivo (Figure 5), including induc-

tion of DP IL-17+IL-22+ and TP IL-17+ IFN-g+ IL-22+ CD4 T cells. Studies in humans and non-human primate

models of TB have suggested that CD4 T cells that simultaneously expressing multiple cytokines are pro-

tective against disease (Scriba et al., 2008; Dijkman et al., 2019; Shanmugasundaram et al., 2020; Arlehamn

et al., 2014). IL-22, an IL-10 family member, is often co-expressed by Th17 cells (Liang et al., 2006) and has

been implicated in promoting protective immunity to Mtb (Scriba et al., 2008; Treerat et al., 2017). Addi-

tional Th subsets that are thought to promote protective functions in TB include CXCR3+CCR6+T cells

that co-express IFN-g and IL-17, (sometimes referred to as Th1* subsets), which were identified in the pe-

ripheral blood of latently infected individuals (Arlehamn et al., 2014). Interestingly, our group recently

showed that CXCR3+CCR6+ dual Th1/Th17 cells are also present in lung compartments of asymptomatic

Mtb-infected rhesus macaques, where they were associated with pulmonary control of Mtb infection (Shan-

mugasundaram et al., 2020). We now show that CXCR3+CCR6+ CD4 T cells that express both IL-17 and IFN-

g are induced via CD40 and DLL4 signaling, highlighting an essential role for crosstalk between DC costi-

mulatory and Notch ligand pathways for generating these responses (Figure 6). Moreover, our data

showing that triggering CD40-DLL4 signaling can overcome Mtb restriction of IL-17, IL-22 and IFN-g pro-

ducing multifunctional responses in the lung, provides new mechanistic insights that can be leveraged for

inducing protective Th17 subsets via vaccination.

One of the ways by which Mtb evades host immunity is through expression of immunomodulatory proteins

that interfere with DC-T cell crosstalk. Our lab has previously shown that Mtb prevents CD40 expression on

DCs and restricts Th17 polarization through the Hip1 serine protease (Madan-Lala et al., 2014; Sia et al.,

2017; Georgieva et al., 2018). A hip1mutant strain of Mtb induces robust CD40 expression and higher

Th17 responses relative to wild type Mtb (Madan-Lala et al., 2014; Sia et al., 2017). We now show that in

contrast to wild type Mtb, which did not induce DLL4 on the cell surface of lung DCs, mice infected with

a hip1mutant significantly increased DLL4+ and DLL4+Jagged1+ DC populations in the lung (Figure 8).

This was accompanied by higher frequencies of IL-17- and IL-22-producing Th subsets along with increased

expression of NOTCH1 and NOTCH2 receptors on T cells early in infection relative to wild type Mtb (Fig-

ure 8). Moreover, levels of DLL4 on DCs positively correlated with IL-17 and NOTCH2 expression on Th sub-

sets suggesting that DLL4-NOTCH2 interactions likely mediate Th17 polarization (Figure 8). The induction

of DLL4+Jagged1+ DC and NOTCH1+NOTCH2+ CD4 T cells following CD40 engagement or hip1mutant

infection suggests that combinatorial Notch-ligand-Notch receptor interactions may promote balanced

Th1/Th17 responses. Infection of CD40�/� mice demonstrated that induction of DLL4+ and

DLL4+Jagged1+ DCs by the hip1mutant was abrogated in the absence of CD40 (Figure 9), demonstrating

that Notch ligand expression is dependent on CD40 signaling. These results provide evidence that Mtb

limits DLL4-Notch receptor interactions during infection via a mechanism that involves Hip1. We have pre-

viously shown that Hip1 prevents optimal CD40 expression through proteolysis of its substrate GroEL2

(Naffin-Olivos et al., 2014; Georgieva et al., 2018). We showed that full-length recombinant GroEL2 protein

induces robust CD40 expression on DCs through a TLR2-dependent mechanism (Madan-Lala et al., 2014).

However, the cleaved form of GroEL2, which is the form that predominates in wild type Mtb, and which is

present in both live and killed cultures, is unable to induce CD40 (Georgieva et al., 2018). Therefore, we
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posit that the ability of the hip1mutant to induce Notch ligands on lung DCs is mediated by the presence of

full length GroEL2, as this protein remains uncleaved in the absence of the Hip1 protease (Rengarajan et al.,

2008; Naffin-Olivos et al., 2014; Georgieva et al., 2018). We posit that full length GroEL2 specifically limits

CD40 signaling on DCs (and not general DC activation or other co-stimulatory markers such as CD80/CD86)

as we have demonstrated that Hip1 limits Notch ligand expression through a CD40-dependent mechanism

(Figure 9). Thus, by impeding the CD40 costimulatory pathway, wild typeMtb limits DLL4-NOTCH receptor

signaling, leading to delayed and sub-optimal Th17 responses. In addition, our data on C. albicans

(Figures S3 and S7) support the idea that modulating Notch signaling may be a strategy employed by

Th17-polarizing bacteria to promote Th17 responses as well as by other pathogens that manipulate DC-T

cell crosstalk and promote disease, thereby extending our insights beyond TB.

Our results also suggest that Notch signaling plays a role in generating protective immune responses that

help control mycobacterial burdens. Correlation analysis revealed that IL-17 and NOTCH2 inversely corre-

late with Mtb CFU (Figure 7). In our DC IT transfer experiment, we observed induction of NOTCH2+ lung

CD4 T cells following CD40-engagement was reduced after DLL4 blockade (Figure 6). Additionally, infec-

tion with the hip1mutant, which naturally engages the CD40�CD40L pathway, led to induction of DLL4 on

lung DCs and NOTCH2 on T cells (Figure 8). These results suggest that wild type Mtb actively dampens

Notch ligand and Notch receptor expression to impede DC-T cell crosstalk in order to promote disease

and maintain bacterial burdens in the lung during infection. Previous work from our lab showed that infec-

tion with the hip1mutant significantly prolonged survival of mice and resulted in dramatically lower lung

immunopathology (Rengarajan et al., 2008). Our data suggest that early induction of CD40 and DLL4 in

the absence of Hip1 leads to higher IL-17+NOTCH2+ Th subsets and more protective immune responses.

Our results that suggest Notch signaling is important for protection aligns with recent studies in other

experimental models (Tu et al., 2005; Ito et al., 2009; Webb et al., 2019). Of interest, a recent study on

SARS-CoV-2 infection found that Notch signaling is upregulated in juvenile compared to older macaques

and suggests that lack of Notch signaling could be a risk factor for the increased susceptibility of older in-

dividuals to COVID-19 (Rosa et al., 2021). Our results on Notch signaling in Mtb-infected mice highlight the

need to better understand this pathway in human TB, where there is limited data. A recent study measured

the expression of Notch ligands and receptors in human PBMC samples and found that individuals with

active TB exhibited higher expression of DLL4 on monocytes and NOTCH1 on T cells compared to healthy

individuals (Castro et al., 2020). Another study found that DLL4 expression on monocytes in individuals with

TB was reduced following anti-TB treatment (Schaller et al., 2016). However, these studies focus on chronic

stages of TB disease and do not study Notch ligand expression during early events followingMtb infection.

Therefore, additional studies in humans and non-human primatemodels of latent and active TB are needed

to dissect the role of Notch ligand signaling in initiating Th17 responses in lung compartments following

Mtb infection as well as within granulomas in chronic stages of TB disease. The timing and location of

DLL4 and Jagged1 signaling during Mtb infection will likely dictate Th1/Th17 balance and protective versus

pathogenic outcomes, along with other suppressive pathways that have been identified to function during

Mtb infection. Moreover, because we know that aberrant IL-17 or DLL4 expression is not beneficial for the

host (Cruz et al., 2006, 2010; Pollara et al., 2021; Tran et al., 2013; Mochizuki et al., 2013; Chung et al., 2017),

inducing balanced Th1/Th17 immunity along with their temporal and spatial context will be important con-

siderations in designing vaccines and host-directed therapies for TB. DLL4 has also been shown to be

important for reducing inflammation in non-TB contexts (Huang et al., 2013, 2017), where it has been impli-

cated in activating T cells and other responses that mediate graft-versus-host disease and autoimmunity

(Tran et al., 2013; Mochizuki et al., 2013; Chung et al., 2017). Moreover, excessive IL-17 is well established

as a mechanism of autoimmune-driven pathology and can also be detrimental in TB disease depending on

the timing and location (Cruz et al., 2006, 2010; Pollara et al., 2021). Furthermore, studies on immunomo-

dulation of DLL4, either by targeting CD40 signaling or via small molecules that directly target Notch li-

gands on DCs, will be necessary for determining the utility of modulating the CD40-DLL4 axis for host

directed therapies that prevent excessive TB pathology.

In addition to providing new insights into Mtb immune evasion strategies, identification of the CD40-DLL4

axis in Th17 polarization has implications for improving vaccine and adjuvant design. Studies on Mtb immu-

nomodulatory proteins that subvert host protective immunity, such as those presented here, are vital for

elucidating pathways that should be overcome in the context of live-attenuated vaccines. Several studies

have demonstrated that deletion of immune evasion proteins in either Mtb or the BCG vaccine strain is a

viable strategy for developingmore efficacious vaccines against TB (Grode et al., 2005; Festjens et al., 2011;
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Kaushal et al., 2015; Martinot et al., 2020). BCG has previously been shown to affect DC expression of Notch

ligands (Ito et al., 2009; Schaller et al., 2016) and TLR9 was reported to regulate granulomas induced by

BCG via DLL4 (Ito et al., 2009). Our lab has developed a knockout of hip1 in BCG (BCGDhip1) and found

it to induce higher levels of IL-17 than wild type BCG (Bizzell et al., 2018). Thus, it would be interesting

to test whether DLL4 signaling is operant in the context of BCGDhip1 vaccination and whether engaging

the CD40-DLL4 axis has an adjuvant effect on BCGDhip1 vaccination. Furthermore, designing adjuvants

that crosslink CD40 and/or DLL4 on DCs during subunit vaccination can induce beneficial early Th17 polar-

ization and a more balanced Th1/Th17 response to vaccination.

In summary, our study demonstrates that engaging CD40 during Mtb infection is critical for inducing the

Notch ligand DLL4, which is necessary for Th17 polarization during infection. By delineating the DLL4-

CD40-Th17 axis in TB, our work provides clear targets that can be harnessed for new adjuvant and vaccina-

tion approaches not only in TB, but also in other pathogenic infections and autoimmune disease states

where therapeutically manipulating Th17 response is desirable.

Limitations of the study

We identify an important role for CD40-dependent DLL4 signaling during Th17 polarization in Mtb infec-

tion, but recognize there are limitations to our study. Although we have shown that Mtb limits CD40 and

Notch signaling through the Hip1 protease and that infection with a hip1mutant strain results in higher

Th17 responses, we have not demonstrated that blockade of DLL4 during hip1mutant infection abrogates

Th17 polarization and/or worsens disease outcomes, pathology or CFU. Because DLL4 knockout mice are

embryonic lethal, we used blocking antibodies against DLL4 for our studies. However, blockade of DLL4 in

the context of examining disease progression and pathology following hip1mutant infection, necessitates

using multiple doses of antibody over long periods of time. Prolonged use of blocking antibodies in vivo

can lead to toxicity, which would complicate the interpretation of the results. Furthermore, work will be

necessary to elucidate the role of DLL4/CD40 signaling in long-term disease outcomes for TB. We have

also not determined whether the effect of DLL4 blockade is specific to Th17 polarization or expansion,

although we have demonstrated that Th1 and other cytokine production (apart from those associated

with Th17) remains intact. A future experiment measuring proliferation can better differentiate between

these two possibilities in vivo.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Murine DLL4 blocking antibody (Clone: HMD4;

BioXCell)

BioXCell Catalog #: BE0127; RRID: AB_10950366

InVivoMAb polyclonal Armenian hamster IgG

[DLL4 isotype] (BioXCell)

BioXCell Catalog #: BE0091; RRID: AB_1107773

Jagged1 blocking antibody (Clone: HMJ1-29;

Biolegend)

Biolegend Catalog #: 130902; RRID: AB_2561301

Purified Armenian hamster IgG Isotype

[Jagged1 isotype] (Biolegend)

Biolegend Catalog #: 400902

FITC anti-mouse I-A/I-E (Clone: M5/114.15.2) Biolegend Catalog #: 107606; RRID: AB_313321

PE anti-mouse DLL4 (Clone: HMD4-1) Biolegend Catalog #: 130807; RRID: AB_1227634

PE-Cy5 anti-mouse CD40 (Clone: 1C10) Invitrogen Catalog #: 15-0401-82; RRID: AB_468747

PE-Cy7 anti-mouse CD11c (Clone: N418) Invitrogen Catalog #: 25-0114-81; RRID: AB_469589

APC anti-mouse CD339 (Jagged1) (Clone:

HMJ1-29)

Biolegend Catalog #: 130914; RRID: AB_2561305

Alexa700 anti-mouse CD86 (Clone: GL-1) Biolegend Catalog #: 105024; RRID: AB_493721

APC-Cy7 anti-mouse CD11b (Clone: M1/70) Biolegend Catalog #: 101225; RRID: AB_830641

FITC anti-mouse CD14 (Clone: Sa14-2) Biolegend Catalog #: 123308; RRID: AB_940580

FITC anti-mouse NK-1.1 (Clone: PK136) Biolegend Catalog #: 108706; RRID: AB_313393

FITC anti-mouse TER-119/Erythroid (Clone:

TER-119)

Biolegend Catalog #: 116206; RRID: AB_313707

FITC anti-mouse CD19 (Clone: 1D3/CD19) Biolegend Catalog #: 152404; RRID: AB_2629813

FITC Rat anti-mouse IL-2 (Clone: JES6-5H4) BD Catalog #: 554427; RRID: AB_395385

PE Rat anti-mouse Vb6 T-Cell (Clone: RR4-7) BD Catalog #: 553194; RRID: AB_394701

PerCP anti-mouse CD45 (Clone: 30-F11) Biolegend Catalog #: 103130; RRID: AB_893339

Alexa 700, Hamster anti-mouse CD3ε (Clone:

500A2)

BD Catalog #: 557984; RRID: AB_396972

APC-Cy7 anti-mouse CD8a (Clone: 53-6.7) Biolegend Catalog #: 100714; RRID: AB_312753

BV650 anti-mouse/human CD44 (Clone: IM7) Biolegend Catalog #: 103049; RRID: AB_2562600

BV650 anti-mouse CD183 (CXCR3) (Clone:

CXCR3-173)

Biolegend Catalog #: 126531; RRID: AB_2563160

BV711 anti-mouse CD8a (Clone: 53-6.7) Biolegend Catalog #: 100748; RRID: AB_2562100

BV785 anti-mouse CD196 (CCR6) (Clone: 29-

2L17)

Biolegend Catalog #: 129823; RRID: AB_2715923

APC-Cy7 Rat anti-mouse CD44 (Clone: IM7) BD Catalog #: 560568: AB_1727481

BUV395 Rat Anti-Mouse CD84 (Clone: 1D3/

CD84)

BD Catalog #: 749570; RRID: AB_2873895

BUV496 Rat Anti-Mouse I-A/I-E (Clone: 2G9) BD Catalog #: 750171; RRID: AB_2874376

BUV563 Hamster Anti-Mouse CD80 (Clone:

16-10A1)

BD Catalog #: 741272; RRID: AB_2870813

BUV661 Rat Anti-Mouse CD115 (Clone: T38-

320)

BD Catalog #: 749973; RRID: AB_2874200

BUV737 Rat Anti-Mouse DLL4 (Clone: 9A1.5) BD Catalog #: 748394; RRID: AB_2872813
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Continued
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BUV805 Rat Anti-Mouse F4/80 (Clone: T45-

2342)

BD Catalog #: 749282; RRID: AB_2873657

BV421 Rat Anti-Mouse CD172a (Clone: P84) BD Catalog #: 740071; RRID: AB_2739835

BV421 anti-mouse CD169 (Clone: 3D6.112) Biolegend Catalog #: 142421; RRID: AB_2734202

BV480 Hamster Anti-Mouse CD103 (Clone:

2E7)

BD Catalog #: 748252; RRID: AB_2872682

BV570 anti-mouse CD3 (Clone: 17A2) Biolegend Catalog #: 100225; RRID: AB_10900444

BV570 anti-mouse CD19 (Clone: 6D5) Biolegend Catalog #: 115535; RRID: AB_10933260

BV650 anti-mouse/rat XCR1 (Clone: ZET) Biolegend Catalog #: 148220; RRID: AB_2566410

BV711 anti-mouse CD11c (Clone: N418) Biolegend Catalog #: 117349; RRID: AB_2563905

BV750 anti-mouse CD45 (Clone: 30-F11) Biolegend Catalog #: 103157; RRID: AB_2734155

BV786 Mouse Anti-Mouse CD64 a/b (Clone:

X54-5/7.1)

Biolegend Catalog #: 741024; RRID: AB_2740644

FITC anti-mouse Ly-6G (Clone: 1A8) Biolegend Catalog #: 127606; RRID: AB_1236494

BB700 Rat Anti-Mouse CD124 (Clone: mIL4R-

M1)

BD Catalog #: 742172; RRID: AB_2871410

PE anti-mouse Jagged1 (Clone: HMJ1-29) Biolegend Catalog #: 130908; RRID: AB_2561303

PE/Cy5 anti-mouse CD3ε (Clone: 145-2C11) Biolegend Catalog #: 100310; RRID: AB_312675

PE-Cy7 anti-mouse/humanCD11b (Clone: M1/

70)

Biolegend Catalog #: 101215; RRID: AB_312798

PE/Dazzle 594 anti-mouse Ly-6C (Clone:

HK1.4)

Biolegend Catalog #: 128043; RRID: AB_2566576

PE-Cy5 anti-mouse CD24 (Clone: M1/69) Biolegend Catalog #: 101812; RRID: AB_439714

PE-Cy7 anti-mouse JAML (Clone: 4/E10) Novus Biologicals Catalog #: NBP1-43309PECY7

Alexa 647 Rat Anti-Mouse S100A9 (Clone:

2B10)

BD Catalog #: 565833; RRID: AB_2739373

Alexa 700 anti-mouse/human CD11b (Clone:

M1/70)

Biolegend Catalog #: 101222; RRID: AB_493705

PE-CF594 Rat anti-mouse IL-17A (Clone: TC11-

18H10)

BD Catalog #: 562542; RRID: AB_2737643

PE-Cy7 Rat anti-mouse TNF (Clone: MP6-

XT22)

BD Catalog #: 557644; RRID: AB_396761

BV786 Rat anti-mouse CD4 (Clone: RM4-5) BD Catalog #: 563727; RRID: AB_2728707

APC anti-mouse IFN-g (Clone: XMG1.2) Invitrogen Catalog #: 17-7311-81; RRID: AB_469503

BV421 Rat anti-mouse IL-2 (Clone: JES6-5H4) BD Catalog #: 562969; RRID: AB_2737923

PE Rat anti-mouse NOTCH1 (Clone: 22E5.5) BD Catalog #: 562754; RRID: AB_2737770

PerCP-Cy5.5 anti-mouse IL-22 (Clone:

Poly5164)

Biolegend Catalog #: 516411; RRID: AB_2563373

PE-Cy7 anti-mouse CD40L (Clone: SA047C3) Biolegend Catalog #: 157008; RRID: AB_2832545

V450 Hamster anti-mouse CD3ε (Clone:

500A2)

BD Catalog #: 560801; RRID: AB_2034005

BV605 Rat anti-mouse NOTCH2 (Clone:

16F11)

BD Catalog #: 745122; RRID: AB_2742726

Alexa700 Rat anti-mouse CD4 (Clone: RM4-5) BD Catalog #: 557956; RRID: AB_396956

Bacterial and virus strains

M. tuberculosis H37Rv BEI Resources Catalog #: NR-123

M. tuberculosis H37Rv hip1mutant Rengarajan et al. (2008)
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Chemicals, peptides, and recombinant proteins

Red Blood Lysis Buffer Sigma Catalog #: R7757-100ML

RMPI-1640 Lonza Catalog #: 12-702F

L-Glutamine Lonza Catalog #: 17-605E

MEM NEAA Gibco Catalog #: 11140-050

HEPES Buffer Corning Catalog #: 25-060-CI

Sodium Pyruvate Lonza Catalog #: 13-115E

Fetal Bovine Serum (FBS) Gemini Catalog #: 900-108

Penicillin/Streptomycin Lonza Catalog #: 17-602E

2-Mercaptoethanol Gibco Catalog #: 21985-023

Murine rGM-CSF R&D Systems Catalog #: 415-ML-005/CF

Trypan blue stain Invitrogen Catalog #: T10282

Hanks’ Balanced Salt Solution (HBSS) Corning Catalog #: 21-021-CV

Collagenase, Type IV Worthington Catalog #: LS004210

DNAse I Worthington Catalog #: LS002058

Amikacin sulfate salt Sigma Catalog #: A2324-5G

Triton X-100 Fisher Scientific/ACROS Organics Catalog #: AC215682500

ESAT-61-20 peptide Genemed Synthesis Inc. Sequence: MTEQQWNFAGIEAAASAIQG

OVA323-339 Peptide Invivogen Catalog #: vac-isq

Whole Cell Lysate (WCL) BEI Resources Catalog #: NR-14822

Mouse CD40 Ligand Trimer (CD40LT) Adipogen Catalog #: AG-40B-0020

LPS-EB Invivogen Catalog #: tlrl-3pelps

Zymosan Invivogen Catalog #: tlrl-zyn

Heat-Killed C. albicans Invivogen Catalog #: tlrl-hkca

CD11c MicroBeads UltraPure, mouse Miltenyi Biotec Catalog #: 130-108-338

CD4 (L3T4) MicroBeads, mouse Miltenyi Biotec Catalog #: 130-117-043

Middlebrook 7H9 BD Catalog #: 271310

Glycerol Sigma Catalog #: G6279-1L

OADC BD Catalog #: 212351

Tween80 VWR Catalog #: 97061-674

Kanamycin solution from Streptomyces

kanamyceticus

Sigma Catalog #: K0254-20ML

Middlebrook 7H10 BD Catalog #: 262710

Cycloheximide Sigma Catalog #: C7698-5G

Brefeldin A Sigma Catalog #: B7651-5MG

GolgiStop Protein Transport Inhibitor

(GolgiStop)

BD Catalog #: 51-2092KZ

Fixable Aqua Dead Cell Stain Kit Invitrogen Catalog #: L34957

Fixable Near-IR Dead Cell Stain Kit Invitrogen Catalog #: L34976

Purified Rat Anti-Mouse CD16/CD32 Fc Block BD Catalog #: 553141

Dulbecco’s Phosphate Buffered Saline (PBS) Sigma Catalog #: D8537-500ML

EDTA Corning Catalog #: 46-034-CI

Cytofix/Cytoperm Fixation/Permeabilization

Kit

BD Catalog #: 554714

4% Paraformaldehyde Electron Microscopy Sciences Catalog #: 157-4-100

(Continued on next page)
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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

Jyothi Rengarajan (jrengar@emory.edu).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-Rat and Anti-Hamster Ig k /Negative

Control Compensation Particles

BD Catalog #: 552845

UltraComp eBeads Compensation Beads Invitrogen Catalog #: 01-2222-42

ArC Amine Reactive Compensation Bead Kit Invitrogen Catalog #: A10346

SYBR Green PCR Master Mix Applied Biosystems Catalog #: 4309155

Water, Molecular Biology Quality Biological Catalog #: 351-029-721

Critical commercial assays

Mouse Naı̈ve CD4+ T Cell Isolation Kit StemCell Catalog #: 19765

Mouse IL-6 ELISA BD Catalog #: 555240

Mouse IL-12p40 ELISA BD Catalog #: 555165

Mouse IFN-g ELISA Mabtech Catalog #: 3321-1H-6

Mouse IL-2 ELISA BD Catalog #: 555148

Mouse IL-17A ELISA Invitrogen Catalog #: 88-7371-88

Mouse IL-22 ELISA R&D Systems Catalog #: DY582-05

Quick-RNA Miniprep Kit Zymo Catalog #: R1055

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Catalog #: 4368814

Experimental models: Cell lines

Bone marrow-derived dendritic cells (BMDCs) C57BL/6 mice; this study. N/A

Experimental models: Organisms/strains

Mouse: C57BL/6 The Jackson Laboratory Catalog #: 000664

Mouse: C57BL/6 CD40�/� (B6.129P2-

Cd40tm1Kik/J)

The Jackson Laboratory Catalog #: 002928

Mouse: C57BL/6 OT-II OVA323–339 Thy1.1+ Provided by: Bali Pulendran, Stanford

University (formerly Emory University)

Developed by: Francis Carbone, University of

Melbourne)

N/A

Mouse: C57BL/6 ESAT-61-20/I-A
b Andrea Cooper, University of Leicester

(formerly Trudeau Institute)

N/A

Oligonucleotides

KiCqStart SYBR Primer: Murine Il6 Sigma M_Il6_1

KiCqStart SYBR Primer: Murine Il12b Sigma M_Il12b_1

KiCqStart SYBR Primer: Murine Dll4 Sigma M_Dll4_3

KiCqStart SYBR Primer: Murine Jag1 Sigma M_Jag1_1

GAPDH qPCR Primer Eurofins F: TGGCCTTCCGTGTTCCTAC

R: GAGTTGCTGTTGAAGTCGCA

Software and algorithms

GraphPad Prism v9 GraphPad www.graphpad.com

FlowJo v10 BD www.flowjo.com

R Studio R www.rstudio.com

BioRender BioRender www.biorender.com
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Materials availability

This study did not generate new unique reagents.

Data and code availability

d This study did not generate new sequencing data. 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 reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6wild type (WT) andCD40�/� (B6.129P2-Cd40tm1Kik) femalemicewerepurchased fromThe Jackson Lab-

oratory. C57BL/6OT-II OVA323–339 Thy1.1
+ mice (originally developed by Dr. Francis Carbone, University ofMel-

bourne) were kindly provided by Dr. Bali Pulendran (Stanford University, formerly Emory University) and bred in

the Yerkes vivarium. C57BL/6 ESAT-61-20/I-A
b transgenic mice were kindly provided by Dr. Andrea Cooper (Uni-

versity of Leicester, formerly Trudeau Institute) andbred in the Yerkes vivarium.AllWTmice used for experiments

were eight-to-twelve weeks of age and all transgenicmice usedwere eight-to-eighteenweeks of age.Micewere

housed in either the YerkesNational PrimateCenter animal BSL-3 or BSL-1 vivarium under sterile conditionswith

food and water provided ad libitum. All animals were handled according to the regulations formulated by the

Emory University Institutional Animal Care and Use Committee (IACUC).

Bone marrow-derived dendritic cells

Formost experiments in this study, primary cell culture bonemarrow-deriveddendritic cells (BMDCs) were used.

BMDCs were generated from female C57BL/6 WT mice purchased from The Jackson Laboratory as previously

described (Sia et al., 2017). Briefly, the femur and tibia of mice were extracted and flushed using cold RPMI-1640

(Lonza). Following red blood cell (RBC) lysis using RBC Lysis Buffer (Sigma), progenitor cells were spun down and

plated at a concentration of 1E6 cells/mL in R10 media (RPMI-1640 [Lonza] with 2mM L-glutamine [Lonza],

0.1 mM NEAA [Gibco], 10 mM HEPES [Corning], 1mM Sodium Pyruvate [Lonza], 10% heat-inactivated FBS

[Gemini]) supplemented with 1:100 Penicillin/Streptomycin (Lonza), 1:1000 2-mercaptoethanol (BME; Gibco)

and 20 ng/mLmurine rGM-CSF (R&DSystems). Cells were grown at 37�Cwith 5%CO2.OnDay 3 and 6 following

plating, cells were fed using R10 media supplemented with 2-mercaptoethanol and rGM-CSF. On day 8

following plating, cells were harvested and purified using mouse CD11c+ beads (MiltenyiBiotec) according to

manufacturer recommendations. Purity of BMDCs was confirmed using flow cytometry. For BMDC stimulations

and infections, purified BMDCs were plated in 24-well tissue culture plates at a concentration of 6E5 cells/mL in

R10 media supplemented with 1:1000 BME. For intratracheal assay BMDC preparations, cells were plated in tis-

sue culture plates at a concentration of 1E6 cells/mL. Cells were allowed to adhere to the plate (4 h post-plating

to overnight) before use. All cells throughout the studywere counted using trypan blue stain (Thermo-Fisher Sci-

entific) on a Countess Automated Cell Counter (Invitrogen).

Bacterial strains

Mycobacterium tuberculosis (Mtb) strains H37Rv and H37Rv hip1mutant (Rengarajan et al., 2008) were

used. As previously described (Madan-Lala et al., 2014; Naffin-Olivos et al., 2014; Sia et al., 2017), Mtb

strains were grown in liquid media Middlebrook 7H9 (BD Difco) supplemented with 0.5% glycerol (Sigma),

10% oleic acid-albumin-dextrose-catalase (OADC) (BD) and 0.05% Tween 80 (VWR) at 37�C and shaking at

75 rpm. Additionally, 20 mg/mL kanamycin (Sigma) was included for growing the hip1mutant. Stocks were

prepared by growing cultures to an OD600 of 0.4–0.6, then filtered and resuspended in 7H9media with 25%

glycerol (Sigma) and stored at�80�C. Before use, stocks were titered to determine CFU. Heat-killed stocks

were prepared as previously described (Sia et al., 2017).

METHOD DETAILS

Mtb in vitro infection and stimulation of DCs

For in vitro infections with live Mtb, purified BMDCs were infected with H37Rv at an MOI of 1.0. Briefly, bac-

terial cultures were centrifuged and resuspended in R10 media supplemented with 1:1000 BME (and
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1 mg/mL CD40LT (Adipogen) for relevant conditions). Plates were then placed in the 37�C incubator (with

5% CO2) for 6 h. Following infection, a 200 mg/mL Amikacin (Sigma) solution (in R10 supplemented with

1:1000 BME) was added to cells for 30 min to kill extracellular bacteria. Afterwards, wells were washed

33 PBS (Sigma) and resuspended in R10 media supplemented with 2-mercaptoethanol (and 1 mg/mL

CD40LT for relevant conditions) and the plates were placed in the 37�C incubator until designated time

point. For certain wells, cells were lysed using PBS +0.5% Triton X-(Fisher Scientific) and plated to deter-

mine intracellular CFU on Middlebrook 7H10 agar plates (supplemented with 0.5% glycerol [Sigma], 10%

OADC [BD] and 0.1 mg/mL cycloheximide solution [Sigma]). For BMDC stimulations, cells were allowed

to adhere until stimulation, and existing supernatant was removed and replaced with R10 media with

1:1000 BME containing stimuli. Cells were then placed in the incubator until designated time points.

Heat-killed bacteria were used at an MOI of 30. Stimulations with CD40LT alone used 1 mg/mL CD40LT.

For PRR/TLR stimulations, 0.1 mg/mL LPS (Invivogen), 10 mg/mL Zymosan (Invivogen), or heat-killed

C. albicans (Invivogen) at an MOI of 17 were used. Following stimulation, cell-free supernatants were

removed from each well and stored for protein quantification (for live infection, supernatants were filtered

using a 0.23 mm filter and removed from the BSL-3). To collect samples for RNA purification, wells were

washed 31 using PBS (Sigma) and 300 mL of RNA Lysis Buffer (Zymo) was added to each well. Samples

were then flash-frozen using 70% ethanol and dry ice and stored in the �80�C until RNA purification.

RNA extraction, cDNA generation, and qPCR

RNA samples were purified using the Quick-RNA Miniprep Kit (Zymo) according to manufacturer’s instruc-

tions. For BSL-3 samples, RNA was purified in the BSL-3 and removed at the elution step. Following puri-

fication, RNA was quantified using a spectrophotometer (NanoDrop ND-1000 or NanoDrop One [Fisher

Scientific]). cDNA was made from each sample using the High-Capacity cDNA Reverse Transcription Kit

(Applied Biosystems) using 100 ng of RNA and carried out in a C1000 Thermal Cycler (BioRad) according

to manufacturer’s recommendation. Quantitative Polymerase Chain Reactions (qPCR) were carried out in a

384-well plate format on a QuantStudio 5 Smart Start (Thermo-Fisher Scientific) machine for ‘‘SYBR’’ reac-

tions. SYBR Green PCR Master Mix (Applied Biosystems) was combined with molecular-biology grade wa-

ter (Quality Biological), cDNA, and primers (10 mM) and pipetted into each well. Murine KiCqStart SYBR

Primers used for this study (mouse m_Il6_1, m_Il12b_1, m_Dll4_3, m_Jag1_1) were purchased from Sigma.

GAPDH primer was purchased from Eurofins (sequence: F: TGGCCTTCCGTGTTCCTAC R:

GAGTTGCTGTTGAAGTCGCA). Prior to use, primer efficiency curves were generated for each primer.

Each sample for qPCR was run in triplicate. All qPCR data were analyzed using the DDCt method and

expression of genes was standardized to 0H uninfected (UI) sample GAPDH. All qPCR Data are presented

as 2�DDCt.

Enzyme-Linked Immunosorbent Assay

Cell-free supernatants were used to enumerate cytokine protein levels using Enzyme-Linked Immunosor-

bent Assay (ELISA) assay. All the ELISAs were run according to manufacturer instructions: murine IL-6 (BD),

murine IL-12p40 (BD), murine IFN-g (Mabtech), murine IL-2 (BD), murine IL-17A (Invitrogen), and murine IL-

22 (R&D Systems). Plates were washed using a Biotek ELx405machine andmeasured using a BioTek ELx808

reader.

DC-T cell co-culture assays

Purified BMDCs were stimulated withMtb (as described above) with different conditions for 24 h. Following

this time period, supernatant was removed and wells were washed 13 with PBS (Sigma). A mixture of R10

(supplemented with 1:1000 BME) with 10 mg/mL cognate peptide (OVA323-339, Invivogen) was then added

and the BMDCs were ‘‘pulsed’’ for 1 h. Afterwards, OT-II OVA323–339-specific Thy1.1+ CD4 T cells were

added at a ratio of 4:1 T cell: DCs to each well. For conditions that required antibody blockade, the

following antibodies (15 mg/mL - 60 mg/mL) were added at the co-culture step: murine DLL4 blocking anti-

body (Clone: HMD4; BioXCell), InVivoMAb polyclonal Armenian hamster IgG [DLL4 isotype] (BioXCell),

Jagged1 blocking antibody (Clone: HMJ1-29; Biolegend), purified Armenian hamster IgG Isotype [Jag-

ged1 isotype] (Biolegend). The cell culture plate was placed in a 37�C incubator (with 5% CO2) for 72 h. Su-

pernatants were harvested and then briefly spun to ensure a cell-free mixture. Naive CD4 T cells were pu-

rified from the spleens of female and male C57BL/6 OT-II OVA323–339 Thy1.1
+ mice using the mouse naive

CD4+T cell isolation kit (StemCell) according to manufacturers’ instructions [isolated cells were >95%

viable].
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IT instillation of DCs and mouse tissue harvest

Purified BMDCs were stimulated or infected (as outlined above) in tissue culture plates for intratracheal (IT)

transfer. BMDCs were harvested either at 24 h (stimulated BMDCs) or at 48 h (infected BMDCs). For con-

ditions using CD40LT and antibody blockade, relevant blocking antibodies were provided during infec-

tion/stimulation. Afterwards, cells were harvested from the plates, washed 13 using PBS (Sigma), and

then spun down followed by counting. Cells were then resuspended at 20E6/mL in PBS. For experiments

in which Mtb-infected BMDC were transferred IT in the presence of blocking antibodies (anti-DLL4 or iso-

type controls), cells were resuspended in PBS and antibodies were added at 60 mg/mL. For experiments in

which Mtb-stimulated BMDCs were transferred IT in the presence of blocking antibodies (anti-DLL4, anti-

Jagged1, or isotype controls), cells were resuspended in PBS and antibodies were added at 30 mg/mL. For

IT transfer, mice were anesthetized using isoflurane in a closed isoflurane chamber (Med-Vet) and 1 3 106

infected BMDCs (in 50 mL volume) were instilled into the trachea of mice as previously described (Sia et al.,

2017). For Mtb-stimulated BMDC IT experiments, C57BL/6 ESAT-61-20/I-A
b transgenic naive CD4 T cells

were transferred into mice one day before IT transfer. Briefly, spleens from female and male ESAT-6 trans-

genic mice were harvested and made into a single-cell suspension. CD4 T cells were purified using mouse

CD4 (L3T4) Micro-Beads (MiltenyiBiotec) according to manufacturer’s instructions. The resulting purified

CD4 T cells were resuspended at a concentration of 1E7 cells/mL and 1E6 cells were transferred to mice

via the intravenous (IV) route one day before IT transfer. Mice were euthanized at either six days or four

weeks post-IT, depending on experiment, using isoflurane overdose. Lungs were placed into lung

C-Tubes (MiltenyiBiotec) containing HBSS (Corning) supplemented with 2% heat-inactivated FBS (Gemini)

and 10mM HEPES (Corning). A mixture of 0.1% collagenase, type IV (Worthington) and 0.01% DNAse I

(Worthington) was added into each tube. Lung tissue was homogenized using an automated gentleMACS

Dissociator (MiltenyiBiotec) using the manufacturer’s murine lung processing program. After addition of

collagenase/DNAse mixture, lungs were dissociated and placed in a 37�C (with 5% CO2) incubator for

30 min. Following this time, lungs were dissociated again using a murine lung processing program. The

tubes were then spun down and red blood cells were lysed from the mixture using RBC lysis buffer (Sigma).

Lungs were resuspended at 10 3 106E6/mL in R10 supplemented with 1:1000 BME and 1E6 cells were

plated per well for ex vivo or ESAT-61-20 stimulation in 96-well U-bottom propylene plates and placed in

the 37�C incubator (with 5% CO2). For enumeration of bacteria, a portion of the lungs was harvested in ster-

ile 2 mL tubes (Sarstedt) containing stainless steel beads (Next Advance) and PBS +0.02% Tween80. The

lungs were then homogenized in a Bullet Blender (Next Advance). Serial dilutions were plated onto Mid-

dlebrook 7H10 plates (with or without 20 mg/mL Kanamycin for hip1mutant) to determine the CFU.

Aerogenic infection of mice with Mtb

Mtb cultures for aerosol infection were prepared as previously described (Sia et al., 2017). Briefly, mice were

infected via the aerosol route (�100 CFU) using a nose only exposure chamber (In-Tox Products). A day

following aerosol infection, mice were euthanized to determine bacterial burdens as described above.

Flow cytometry

For lung suspensions, cells were either left unstimulated (ex vivo) or stimulated with 10 mg/mL ESAT-61-20
peptide (Genemed Synthesis, Inc) or 10 mg/mLwhole cell lysate (WCL) [BEI]. Plates were then placed in the

37�C incubator (with 5% CO2) and after 2 h, a mixture of 5 mg/mL Brefeldin A (Sigma) and 1:1500 GolgiStop

(BD) in R10 supplemented with 1:1000 BME was added. The plate was then returned to the incubator for 4H

(6H total) for ESAT-6 stimulations or overnight forWCL stimulations and the cells were stained the next day.

For staining BMDCs, cells were harvested from plates at designated time points and stained directly. To

distinguish between live and dead cells, all cells were stained with Fixable Aqua Dead Cell Stain Kit (Mo-

lecular Probes) or Fixable Near-IR Dead Cell Stain Kit (Invitrogen). Additionally, mouse Fc block (BD) was

used before staining. To stain BMDCs, the following antibodies were used (all surface): FITC anti-mouse

I-A/I-E (clone: M5/114.15.2, Biolegend), PE anti-mouse DLL4 (clone: HMD4-1, Biolegend), PE-Cy5 anti-

CD40 (clone: 1C10, eBioscience), PE-Cy7 anti-mouse CD11c (clone: N418, eBioscience), APC anti-mouse

CD339 (Jagged1) (clone: HMJ1-29, Biolegend), Alexa700 anti-mouse CD86 (clone: GL-1, Biolegend),

APC-Cy7 anti-mouse CD11b (clone: M1/70, Biolegend). To stain lung T cells, the following surface stain an-

tibodies were used: FITC anti-mouse CD14 (clone: Sa14-2, Biolegend), FITC anti-mouse NK-1.1 (clone:

PK136, Biolegend), FITC anti-mouse TER-119/Erythroid (clone: TER-119, Biolegend), FITC anti-mouse

CD19 (clone: 1D3/CD19, Biolegend), FITC Rat anti-mouse IL-2 (clone: JES6-5H4, BD), PE Rat anti-mouse

Vb6 T-Cell (clone: RR4-7, BD), PerCP anti-mouse CD45 (clone: 30-F11, Biolegend), Alexa 700, Hamster

anti-mouse CD3ε (clone: 500A2, BD), APC-Cy7 anti-mouse CD8a (clone: 53-6.7, Biolegend), BV650

ll
OPEN ACCESS

iScience 25, 104305, May 20, 2022 27

iScience
Article



anti-mouse/human CD44 (clone: IM7, Biolegend), BV650 anti-mouse CD183 (CXCR3) (clone: CXCR3-173,

Biolegend), BV711 anti-mouse CD8a (clone: 53-6.7, Biolegend), BV785 anti-mouse CD196 (CCR6) (clone:

29-2L17, Biolegend), APC-Cy7 Rat anti-mouse CD44 (clone: IM7, BD). To stain lung innate cells, the

following surface stain antibodies were used: BUV395 Rat Anti-Mouse CD84 (clone: 1D3/CD84, BD),

BUV496 Rat Anti-Mouse I-A/I-E (clone: 2G9, BD), BUV563 Hamster Anti-Mouse CD80 (clone: 16-

10A1, BD), BUV661 Rat Anti-Mouse CD115 (clone: T38-320, BD), BUV737 Rat Anti-Mouse DLL4

(clone: 9A1.5, BD), BUV805 Rat Anti-Mouse F4/80 (clone: T45-2342, BD), BV421 Rat Anti-Mouse CD172a

(clone: P84, BD), BV421 anti-mouse CD169 (clone: 3D6.112, Biolegend), BV480 Hamster Anti-Mouse

CD103 (clone: 2E7, BD), BV570 anti-mouse CD3 (clone: 17A2, Biolegend), BV570 anti-mouse CD19 (clone:

6D5, Biolegend), BV650 anti-mouse/rat XCR1 (clone: ZET, Biolegend), BV711 anti-mouse CD11c (clone:

N418, Biolegend), BV750 anti-mouse CD45 (clone: 30-F11, Biolegend), BV786 Mouse Anti-Mouse CD64

a/b (clone: 354-5/7.1, BD), FITC anti-mouse Ly-6G (clone: 1A8, Biolegend), BB700 Rat Anti-Mouse

CD124 (clone: mIL4R-M1, BD), PE anti-mouse Jagged1 (clone: HMJ1-29, Biolegend), PE/Cy5 anti-mouse

CD3ε (clone: 145-2C11, Biolegend), PE-Cy7 anti-mouse/human CD11b (clone: M1/70, Biolegend), PE/

Dazzle 594 anti-mouse Ly-6C (clone: HK1.4, Biolegend), PE-Cy5 anti-mouse CD24 (clone: M1/69, Bio-

legend), PE-Cy7 anti-mouse JAML (clone: 4/E10, Novus Biologicals), Alexa 647 Rat Anti-Mouse S100A9

(clone: 2B10, BD), and Alexa 700 anti-mouse/human CD11b (clone: M1/70, Biolegend). To stain lung

T cells, the following intracellular stain antibodies were used: PE-CF594 Rat anti-mouse IL-17A (clone:

TC11-18H10, BD), PE-Cy7 Rat anti-mouse TNF (clone: MP6-XT22, BD), BV786 Rat anti-mouse CD4 (clone:

RM4-5, BD), APC anti-mouse IFN-g (clone: XMG1.2, eBioscience), BV421 Rat anti-mouse IL-2 (clone: JES6-

5H4, BD), PE Rat anti-mouse NOTCH1 (clone: 22E5.5, BD), PerCP-Cy5.5 anti-mouse IL-22 (clone: Poly5164,

Biolegend), PE-Cy7 anti-mouse CD40L (clone: SA047C3, Biolegend), V450 Hamster anti-mouse CD3ε

(clone: 500A2, BD), BV605 Rat anti-mouse NOTCH2 (clone: 16F11, BD), Alexa700 Rat anti-mouse CD4

(clone: RM4-5, BD). Prior to use, all antibodies were titrated for optimal concentration. The live/dead stain

(1:500) and Fc block (1:50) mixture was diluted in PBS (Sigma). The surface stain antibodies were diluted in

FACS buffer (PBS [Sigma], 2% heat-inactivated FBS [Gemini], and 2 mM EDTA [Corning]). For intracellular

staining, the BD Cytofix/Cytoperm kit and buffers were used according to manufacturer’s instructions.

Following staining, cells were fixed in 1:1 FACS buffer to 4% paraformaldehyde (PFA) (Electron Microscopy

Sciences) for BSL-3 samples, or 2% PFA for non-BSL-3 samples and placed in the 4�C until acquisition (up to

24 h post-staining). For compensation, Anti-Rat and Anti-Hamster Ig k/Negative Control Compensation

Particles (BD), Ultra-Comp eBeads compensation beads (Invitrogen), or ArC Amine Reactive Compensa-

tion Bead Kit (Invitrogen) were used. All samples were acquired using an LSR-II machine (BD) or an A5 Sym-

phony (BD) using FACSDiva (BD) software. All Data were analyzed using FlowJo software (FlowJo LLC). For

certain experiments, FlowAI plugin was used to select for optimal events (Monaco et al., 2016). For DC flow

cytometry data, cells were gated: singlets/live cells/CD11c+MHCIIhi (for in vitro experiments) or singlets/

live cells/CD45+/CD3-/CD64-F4/80-/MHCII+CD11c+/CD11b+CD103- (for in vivo CD11b+ DC populations)

or singlets/live cells/CD45+/CD3-/CD64-F4/80-/MHCII+CD11c+/CD11b�CD103+ (for in vivo CD103+ DC

populations). For T cell flow cytometry data, cells were gated: singlets/live cells/CD3+/CD4+.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses of data and graphs were mostly conducted using Prism (GraphPad). For correlations, R

statistical software was used, in particular the corrplot (Murdoch and Chow, 1996; Friendly, 2012) and

‘‘ggscatter’’ packages (ggscatter is part of ‘‘ggpubr’’ base package developed by Alboukadel Kassambara,

PhD). The experimental schema figures and graphical abstract were generated using BioRender.com. All

data presented are representative of 2 to 4 independent experiments and are presented as

mean Gstandard deviation (SD) or mean G (standard error of the mean) SEM [indicated in figure legend].

Statistical significance pvalue key is the following: ns = no significance, * = % 0.05, ** = % 0.01, *** = %

0.001, **** =% 0.0001. Statistical tests performed for each figure are noted in individual figure key. All cor-

relations presented are Pearson’s correlations.
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