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Abstract

Cryptococcus neoformans is a ubiquitous, opportunistic fungal pathogen but the cell signaling 

pathways that drive T cell responses regulating anti-fungal immunity are incompletely understood. 

Notch is a key signaling pathway regulating T cell development, and differentiation and functional 

responses of mature T cells in the periphery. Targeting of Notch signaling within T cells has been 

proposed as potential treatment for alloimmune and autoimmune disorders, but it is unknown 

whether disturbances to T cell immunity may render these patients vulnerable to fungal infections. 

To elucidate the role of Notch signaling during fungal infections, we infected mice expressing the 

pan-Notch inhibitor dominant negative Mastermind-like (DNMAML) within mature T cells with 

C. neoformans. Inhibition of T cell restricted Notch signaling increased fungal burdens in the 

lungs and CNS, diminished pulmonary leukocyte recruitment and simultaneously impaired Th1 

and Th2 responses. Pulmonary leukocyte cultures from T cell Notch-deprived mice produced less 

IFN-γ, IL-5 and IL-13 than WT cells. This correlated with lower frequencies of IFN-γ, IL-5 and 

IL-13 producing CD4+ T cells; reduced expression of Th1 and Th2 associated transcription 

factors, Tbet and Gata3; and reduced production of IFN-γ by CD8+ T cells. In contrast, Th17 

responses were largely unaffected by Notch signaling. The changes in T cell responses 
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corresponded with impaired macrophage activation and reduced leukocyte accumulation, leading 

to diminished fungal control. These results identify Notch signaling as a previously unappreciated 

regulator of Th1 and Th2 immunity and an important element of antifungal defenses against 

cryptococcal infection and CNS dissemination.

Introduction

Cryptococcus neoformans is an opportunistic fungal pathogen that results in over 1 million 

infections and over 600,000 deaths per year (1, 2). Cryptococcal infections affect 

immunocompromised individuals, such as HIV/AIDS patients and solid organ transplant 

recipients, and are among the most common fungal complications in these groups (1, 3). 

Following inhalation, the pathogen causes fungal pneumonia and subsequent failure of the 

immune response to clear the pathogen from the lungs results in dissemination to CNS, 

which is often fatal. Unfortunately, treatment of cryptococcal CNS disease requires extended 

courses of antibiotic therapy and relapses or failure are common (4).

CD4+ T helper cells orchestrate critical host-defense against C. neoformans in the lung but 

exert different effects depending on their polarization. Th1 cells secreting IFN-γ are 

required for the efficient recruitment of monocytes, macrophages and DC to the infected 

lungs and drive classical activation of macrophages and DCs to become potent effector 

antimicrobial cells (5-11). Th17 responses similarly contribute to fungal clearance by 

promoting the recruitment and classical activation of macrophages and DC, and by 

reinforcing IFN-γ production by Th1 and CD8+ T cells (9, 12). In contrast, Th2 responses 

characterized by IL-4, IL-5, and IL-13 production do not protectively contribute to 

cryptococcal clearance (8, 9, 13-15). Similar programming of protective Th1 and Th17 

immunity facilitates clearance of other invasive fungal pathogens, such as Histoplasma 
capsulatum, Blastomyces dermatitidis, Coccidioides, and Paracoccidioides which also infect 

the immunocompromised (3, 16-18). Despite the importance of T cell polarization in 

shaping protective versus non-protective immune responses to fungal infections, the signals 

that ultimately drive T cell lineage development towards Th1/Th2/Th17 polarization in 

response to these pathogens are incompletely defined. A better understanding of the specific 

cell-to-cell signaling pathways that drive anti-fungal immunity is critical for the treatment 

and for the prevention of C. neoformans and other fungal infections in patients undergoing 

immunosuppressive therapies.

Notch is an evolutionarily conserved signaling pathway that influences embryogenesis, 

tissue homeostasis, and T cell development, differentiation and function (19-22). In 

canonical Notch signaling, binding of Notch ligands (Delta-like and Jagged proteins) to 

Notch receptors (NOTCH1-4) on neighboring cells results in gamma-secretase dependent 

proteolytic release of Notch receptor intracellular domain (NICD), which translocates to the 

nucleus where it associates with a large transcriptional complex including CSL/RBP-Jκ. 

Recruitment of a Mastermind-like family protein (MAML1-3) and other co-activators leads 

to transcriptional activation of Notch-responsive genes. Strategies inhibiting gamma-

secretase or assembly of the transcriptional complex, such as expression of dominant 

negative MAML, abolish Notch signaling downstream of all Notch receptors. Although 
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canonical Notch signaling is best understood and thought to account for a large proportion of 

Notch's effects, non-canonical mechanisms of Notch signaling, which are not dependent on 

either CSL/RBP-Jκ or MAML, have also been reported in specific circumstances (23-26).

Aside from its roles in thymocyte development, Notch signaling influences mature T cells in 

the periphery. Notch receptors expressed on mature T cells (27) are activated by Notch 

ligands expressed on the surface of adjacent cells, including APCs and stromal cell subsets. 

These interactions and subsequent regulation of Notch responsive genes influence T cell 

differentiation, function, and longevity (21, 28-37). Thus, Notch signaling is positioned to 

broadly regulate both CD4+ and CD8+ T cell responses in alloimmune and autoimmune 

disorders. Indeed, Notch regulates detrimental Th1 and Th17 cell accumulation and function 

in graft-versus-host disease (GVHD) (28, 38, 39), experimental autoimmune 

encephalomyelitis (29, 40), arthritis (41) and allergic airway disease (42, 43). Strategies to 

inhibit Notch signaling utilizing gamma-secretase inhibitors or antibody-mediated ligand/

receptor blockade have been proposed as promising treatments for graft-versus-host disease 

(GVHD) (28, 38, 39), organ allograft rejection (44-46), multiple sclerosis (47, 48), arthritis 

(41) and asthma (43, 49). However, a pre-eminent concern regarding Notch-targeted 

treatments, especially prolonged therapy with non-selective pan-Notch inhibitors, is the 

potential to alter T cell responses rendering patients susceptible to infectious diseases.

The role of Notch signaling in T cell mediated immune responses to infectious disease has 

not been broadly investigated; but understanding the effect of Notch signaling on T cell 

responses, especially in fungal infections which target populations (such as organ transplant 

recipients(3)) are already susceptible to, will be critical for preventing infections in 

forthcoming clinical trials for patients pursuing Notch-targeted immunomodulatory 

therapies. Limited studies have shown that T cell restricted Notch signaling promotes Th2 

responses to helminths (50) but is required to support Th1 and inhibit Th2 responses during 

viral infections (51, 52). Other infection models highlight the complexity of how different 

aspects of Notch signaling regulate immune defense. Whereas inhibition of canonical Notch 

signaling in T cells does not influence Th1 responses to the parasite Leishmania major (50), 

non-canonical RBP-Jk-independent signaling via T cell Notch1 and Notch2 receptors is 

required for IFN-γ production (26), and modulation with exogenous Notch ligand can either 

promote or inhibit Th1 responses (53). Thus, the role of Notch signaling in T cell responses 

is clearly unique to pathogen type and not easily predicted. Enhanced accumulation of 

Jagged 2-expressing DC due to KLF2 deficiency augmented the non-protective IL-4 

response to H. capsulatum (54), supporting a role for Notch in shaping T cell responses to 

fungal infection. However, the effects of canonical Notch signaling on protective T cell 

responses necessary for fungal clearance are unknown. Given the critical role of 

appropriately polarized Th1 and Th17 responses to fungal infections, we hypothesized that 

Notch signaling is an important driver of anti-fungal host defense and that impairment of 

Notch signaling in T cells, such as during Notch-targeted immunotherapies, would impair 

host immunity and fungal clearance. Therefore, the objective of the current study was to 

specifically determine whether T cell-restricted Notch signaling contributes to protective 

immune polarization and host defense during infection with the fungal pathogen C. 
neoformans.
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We show that inhibition of T cell-restricted canonical Notch signaling during C. neoformans 
infection increases fungal burden in the lungs and CNS and is associated with reductions in 

lung leukocyte recruitment; profound impairments in pulmonary and systemic Th1 and Th2 

responses; increased frequency of Treg; and reduced myeloid cell activation. These results 

establish that canonical Notch signaling contributes to T cell polarization and host defense 

during invasive fungal infection and broadly impacts our understanding of signaling and host 

responses to invasive fungal pathogens that require the generation of robust T cell immunity.

Materials and Methods

Mice

All experiments were approved by the University Committee on the Use and Care of 

Animals and the Veterans Affairs Institutional Animal Care and Use Committee, protocol 

#0512-025. Experiments were done in accordance with NIH guidelines and the Guide for 

the Care and Use of Laboratory Animals. ROSA26DNMAMLf/+ mice were crossed to CD4-

Cre transgenic mice to generate CD4-cre X DNMAML (CCD) offspring in which 

expression of dominant negative mastermind-like (DNMAML) is specifically restricted to 

mature CD4+ and CD8+ cells beyond the double positive stage of development as described 

previously (28, 38, 50). Thus, in CCD mice, normal T cell development is unaffected but 

mature T cells are deprived of canonical Notch signaling. No differences in the baseline 

distribution and activation state of CD4+ and CD8+ T cells were observed in CCD mice 

compared to littermates not expressing DNMAML (50), which were used as WT controls. 

Of note, the CD4-cre transgene may theoretically allow for expression of DNMAML in 

other CD4+ cells which may be affected by Notch, such as a minor CD4+ DC subset (55, 

56). However, our groups have not observed significant effects or expression of DNMAML 

outside of the T cell compartment in the CCD mouse model. Furthermore, any putative non-

canonical MAML-independent Notch signaling mechanisms remain intact in CCD animals. 

All mice were bred and housed at the Ann Arbor Veterans Affairs Medical Center in micro-

isolator cages covered with a filter top, with food and water provided ad libitum and were 8 

to 26 weeks old at time of infection. At the time of sacrifice mice were humanely euthanized 

by CO2 inhalation followed by severing the portal vein.

C. neoformans

C. neoformans strain 52D was grown from 10% glycerol frozen stocks to stationary phase at 

37° C in Sabouraud dextrose broth (Difco, Detroit MI). For infection, cultures were washed 

in saline, counted on a hemocytometer and diluted to 3.3×10 CFU/ml such that each mouse 

would receive 104 CFU in 30ul. Inoculums were confirmed by plating aliquots on Sabourad 

Dextrose Agar (Difco). Heat-killed C. neoformans was prepared by boiling cultures for 4 

hours and aliquots were stored at -80° C.

C. neoformans strain H99 was grown and prepared similarly, except that cultures were 

allowed to grow for an extended time (5 days) to reach late stationary phase before use in 

infections. Viability was confirmed by plating.
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Intratracheal Inoculation

Mice were anesthetized by intraperitoneal injection of ketamine (100mg/kg,) and xylazine 

(6.8mg/kg) and were restrained on a foam plate. A small incision was made through the skin 

covering the trachea and the underlying salivary glands and muscles were separated. Mice 

were infected with 104 CFU in 30ul via a 30-guage needle attached to a 1 ml tuberculin 

syringe. After inoculation, skin was closed using cyanoacrylate adhesive and the mice were 

monitored during recovery.

CFU

To determine organ microbial burden lungs were digested as described below and spleens 

and brains were homogenized in sterile water. Serial 10 fold dilutions were plated on 

Sabouraud dextrose agar (Difco) in duplicates and the numbers of C. neoformans colonies 

were counted after 48 hours incubation at room temperature. For statistical purposes, 

undetectable CFU in the spleen and brain were set at 1.0.

Histological Analysis

Lungs were fixed by inflation with 1 mL of 10% neutral buffered formalin then excised and 

immersed in neutral buffered formalin prior to routine paraffin embedding. 5-μm sections 

were cut and stained with H&E and mucicarmine. Sections were analyzed by light 

microscopy and microphotographs were taken using Digital Microphotography system 

DFX1200 with ACT-1 software (Nikon, Tokyo, Japan).

Leukocyte Isolation

Immediately after sacrifice, mice were perfused with 10ml PBS to eliminate blood leukocyte 

contamination from the lungs. Lungs from each mouse were excised, washed in RPMI, 

minced, enzymatically digested in media [RPMI with 25mM HEPES, 5% FBS, GlutaMAX, 

penicillin, streptomycin, non-essential amino acids, and βMe (Life Technologies)] with 

collagenase (1mg/ml, Roche, Indianapolis, IN) and 500 U/ml DNAase (Worthington) at 37° 

C for 30 min, and dispersed using a GentleMACs tissue dissociator. Erythrocytes were lysed 

ammonium chloride buffer for 3 minutes followed by neutralization with excess of RPMI. 

The resultant single cells suspension was filtered through sterile 100 um nylon mesh (Nitex, 

Kansas City, MO) and leukocytes were purified using a 20% Percoll (GE) gradient. Spleens 

were dispersed through a 70uM cell strainer using a syringe plunger and erythrocytes were 

lysed with ammonium chloride. Isolated cells were suspended in RPMI with 25mM HEPES 

supplemented with 10% FBS, GlutaMAX, penicillin, streptomycin, non-essential amino 

acids, and βMe (Life Technologies) and counted on a hemocytometer prior to use in all 

experiments. Differential cell counts were performed on Diff-Quik stained cytospin samples. 

Total numbers were calculated by multiplying the percentage of each cell type by the total 

number of leukocytes per lung.

Cytokine Production

Leukocytes were cultured at 5×106 cells/ml in 24-well plates and stimulated with 10×106/ml 

of heat killed C. neoformans for 24 (lungs) or 48hours (spleens). Cytokines in the 
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supernatants were determined by ELISA and Legendplex multi-plex bead assays 

(Biolegend).

Flow Cytometry

Lung leukocytes were stimulated with plate bound anti-CD3 and anti-CD28 antibodies 

(2.5μg/ml) in 96 well plates (2.5×106/well) for a total of 6 hours, with Brefeldin A and 

monensin (Biolegend) added during the last 4 hours. Cells were washed in PBS then stained 

Live Dead Fixable Aqua (Life Technologies) and anti-CD45 (clone 30-F11), anti-TCRβ 
(clone H57-597), anti-CD8α (53-6.7), and anti-CD4 (clone GK1.5) antibodies (Biolegend), 

washed, then fixed in 2% formaldehyde. Intracellular cytokines were detected by staining 

with anti-IFN-γ (clone XGM1.2), anti-IL-17A (TC11-18H10.1), anti-IL-5 (TRFK5), anti-

IL-13 (eBio13A), Tbet (4B10), GATA3 (16E10A23), FoxP3 (FJK-16s) and Eomesodermin 

(Dan11mag, eBioscience) antibodies in Permeabilzation Buffer (eBioscience). Data were 

acquired on a LSRII cytometer and analyzed with FlowJo (Treestar, Eugene Oregon). A 

representative gating scheme is shown in Fig. S1A.

Gene Expression

RNA was isolated from purified lung leukocytes using Trizol (Life Technologies) and cDNA 

was prepared using QuantiTect Reverse Transcription kit (Qiagen) Expression of target 

genes was assessed by qRT-PCR using Radiant SYBR Green (Alkali Scientific). Sequences 

of primers are listed in Table S1. Expression of Gapdh was used a reference. Relative 

expression is calculated as the percentage of Gapdh (2ˆ-ΔCt) and fold change (2ˆ-ΔΔCt) 

relative to uninfected animals of the same genotype.

Statistical Analysis

Statistical analysis was performed using Student's t test or ANOVA with Tukeys post hoc 

test. P values less than 0.05 were considered significant. Figures are marked to indicate * 

p<0.05, ** p<0.01, *** p<0.001 on the appropriate figure panels, or within the upper corner 

of representative CCD flow cytometry plots where the numerical average data appear. For 

clarity and brevity within figure panels, comparisons where no statistically significant 

differences were found are left unmarked.

Results

T cell restricted Notch signaling contains fungal growth in the lungs and opposes 
dissemination to the CNS during cryptococcal infection

To determine whether Notch signaling in T cells contributes to protective T cell polarization 

and to fungal clearance during C. neoformans infection, we compared pulmonary infection 

with C. neoformans in WT mice to infection in mice with T cell restricted inhibition of 

canonical Notch signaling. Specifically, we utilized CD4-Cre x DNMAML (CCD) mice (28, 

38, 50) which express a dominant negative Mastermind-like (DNMAML) protein that 

interferes with canonical Notch signaling specifically in mature CD4+ and CD8+ cells 

derived from double positive thymocytes (38, 50). Thus in CCD mice, mature T cells are 

selectively deficient in canonical Notch signaling while all Notch signaling is preserved 

during early T cell development and in other cell lineages. Additionally, any non-canonical 
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Notch signaling independent of CSL/RBP-Jκ and MAML would be preserved in all cells, 

including T cells; thus, allowing for focused analysis of canonical Notch pathways. WT and 

CCD littermates were infected intratracheally with 104 C. neoformans strain 52D and the 

fungal burdens in the lungs, spleens, and brains were evaluated at 3, 4 and 6 weeks post 

infection (wpi). There was no difference in fungal burden in the lungs between CCD and 

WT mice at 3 and 4 wpi (Fig 1A); however, by 6 wpi the fungal burden in the lungs of CCD 

mice exceeded that of WT mice by greater than 10 fold (Fig. 1A, p<0.01). The failure of 

CCD mice to effectively contain C. neoformans growth at 6 wpi was also reflected 

histologically. Although strain 52D does not cause significant immunopathology, 

widespread evidence of inflammation was present in both WT and CCD lungs; pulmonary 

granulomas in CCD mice were loose, disorganized, and characterized by abundant 

cryptococcal growth within macrophages and foci of uncontained extracellular fungus 

throughout the lungs that were not evident in infected-WT lungs. In contrast, WT lungs 

harbored relatively fewer cryptococcal organisms, which were predominantly intracellular 

(Fig. 1B). The systemic level of fungemia was not noticeably affected by T cell restricted 

Notch blockade, as evidenced by the equivalent fungal burden in the spleens of infected 

CCD and WT mice at all time point studied (Fig. 1C). However, fungal burdens in the brains 

of CCD mice was significantly greater compared to the WT at 6 wpi (Fig. 1D, p<0.05), 

suggesting greater dissemination, or compromise of local immune defenses in the CNS, in 

the absence of Notch signaling, The latter explanation seems less likely, as we do not 

typically observe significant immune cell infiltration and inflammation in the CNS of mice 

infected via this model at the time points studied. We next asked whether inhibition of Notch 

affected mortality of CCD mice during cryptococcal infection. C. neoformans strain 52D did 

not induce mortality in either WT or CCD mice. However, nearly all Notch-deprived CCD 

mice succumbed to pulmonary infection with the more virulent C. neoformans strain H99, 

exhibiting 94% mortality and a median 31.5 days to death, whereas their WT counterparts 

exhibited only 45% overall mortality (Fig. 1E, p<0.01). Collectively, these data demonstrate 

that T cell-restricted Notch signaling critically contributes to control of C. neoformans in the 

lung and CNS and promotes survival during severe cryptococcal infection.

T cell restricted Notch signaling promotes pulmonary leukocyte recruitment during 
cryptococcal infection

T cells are required to efficiently recruit and activate leukocytes in the lungs during 

cryptococcal infection through secretion of chemokines and inflammatory cytokines (5, 6, 

57, 58). We therefore compared leukocyte populations in WT and CCD mice with 

cryptococcal lung infection to determine if T cell-restricted Notch signaling contributed to 

immune protection by enhancing leukocyte accumulation. Large increases in the numbers of 

inflammatory cells consisting primary of lymphocytes, monocytes, and macrophages were 

present within perfused WT lungs at 4 wpi; their numbers then contracted by week 6 as the 

pulmonary infection began to resolve (Fig. 2A). In contrast, accumulation of inflammatory 

leukocytes was diminished in the lungs of CCD mice. We identified fewer total leukocytes in 

the lungs of CCD mice at 3 and 4 wpi compared to WT (Fig. 2A, p<0.05 and p<0.05), with 

notable reductions in the numbers of eosinophils and neutrophils at 3 wpi (Fig. 2B, p<0.001 

and p<0.05) and in the number of macrophages and neutrophils at 4 wpi (Fig. 2C, p<0.01 

and p<0.001). There was a slight increase in the percentage of lymphocytes in CCD mice at 

Neal et al. Page 7

J Immunol. Author manuscript; available in PMC 2018 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4 weeks post infection, although the total numbers were not altered (Fig. 2C). These 

differences were no longer detected at 6 wpi (Fig. 2B,D). Thus, T cell-restricted Notch 

signaling supports recruitment and/or survival of inflammatory leukocytes to the lungs 

during the early efferent phase of infection. To determine which signaling pathways were 

impaired in the absence of Notch signaling and could contribute to diminished leukocyte 

recruitment, we measured expression of chemokines in the lungs of WT and CCD mice at 4 

weeks post infection, when the difference in leukocyte numbers was greatest. While many 

chemokines (including CCL2, CCL3, CCL7, CCL12, CCL19 and CXCL10, data not shown) 

were not affected by inhibition of Notch signaling, expression of MIP-1β (Ccl4) and 

MIP-2α (Cxcl2) was decreased in the lungs of C. neoformans-infected CCD mice compared 

to WT (Fig. 2 E-F, p<0.05 and p<0.01) which likely contributed to the reduced numbers of 

macrophages (through reduced accumulation of monocyte precursors) and neutrophils in the 

lungs of CCD mice at this time point (Fig. 2C).

T cell restricted Notch signaling does not alter T cell accumulation nor memory and 
effector phenotypes during cryptococcal lung infection

Having identified impairments in fungal clearance and lung leukocyte recruitment in CCD 

mice, we next sought to further investigate the immunophenotype of T cell responses that 

develop in the presence and absence of Notch signaling. We focused our investigations at 4 

wpi based on the observed alterations in lung leukocyte recruitment and prior publications 

documenting that critical events in T cell activation and polarization pathways consistently 

precede changes in fungal clearance (9, 12, 15, 59, 60). Furthermore, fungal burdens were 

similar between WT and CCD mice at this time point (Fig. 1A, C-D), so differences in 

fungal antigen load that developed subsequently, did not affect the experimental analysis. 

We first asked whether the accumulation of T cells or their overall activation was affected by 

Notch signaling during C. neoformans infection. Although the total numbers of pulmonary 

leukocytes were decreased in the absence of Notch signaling, there was no consistent 

difference in the numbers or percentages of total T cells or CD4+ T cell subset between CCD 

and WT mice in the lungs at 4 wpi (Fig. 3A and S1). The frequency of antigen-primed T 

cells was also unaltered by the absence of Notch; high frequencies of antigen experienced 

CD44hi CD4+ effector (CD44hi CD62Llo) and similar frequencies of memory cells (CD44hi 

CD62Lhi) were observed in both strains of infected mice at 4 wpi (Fig. 3B), indicating that 

distribution of memory and effector cells was largely unchanged in the absence of Notch 

signaling (Fig. 3B). Thus, the defect in pulmonary leukocyte recruitment in CCD mice was 

not primarily due to defects in either the accumulation of CD4+ T cells or their effector and 

memory phenotype.

T cell-restricted Notch signaling promotes Th1 and Th2 associated cytokine production 
during cryptococcal infection

We next sought to determine whether Notch signaling contributes to host defense against C. 
neoformans by promoting polarization of CD4+ Th cells towards protective Th1 or Th17 

responses. First, we assessed cytokine secretion by pulmonary leukocytes isolated from the 

infected lungs at 4wpi by re-stimulating leukocyte cultures with a bolus of heat-killed C. 
neoformans and measured secreted cytokine levels in the supernatants 24 hours later (Fig. 

4). Leukocytes isolated from CCD mice secreted dramatically less IFN-γ than the cells from 
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WT animals (Fig. 4A, p<0.001), suggesting that protective Th1 type responses were 

significantly impaired in the absence of T cell-restricted Notch signaling during 

cryptococcal lung infection. In contrast, we did not see any effect of Notch on IL-17A 

production from infected lung leukocyte cultures (Fig. 4B) suggesting that Th17 polarization 

was not affected by Notch signaling regardless of its protective role in anti-cryptococcal 

defenses (12, 61). Interestingly, we found that Th2 responses were also reduced in the 

absence of T cell-restricted Notch signaling. Pulmonary leukocyte cultures from CCD mice 

secreted less non-protective Th2 cytokines IL-5 and IL-13 than cultures from WT animals 

(Fig. 4C-D, p<0.05 and p<0.01). We also obtained similar results in the absence of 

exogenous re-stimulation, with decreased spontaneous IFN-γ and IL-13 production by cells 

from infected CCD mice (Fig. S2A-B, p<0.05 and p<0.05). Consistent with results of re-

stimulation, there was no difference in IL-17A production between infected WT and CCD 

animals either (Fig. S2C). Production of IL-4 and IL-10 by lung leukocytes was low at this 

time point, and not significantly different between infected WT and CCD mice even after re-

stimulation (Fig. S2D-G).

We next investigated whether systemic immune polarization was impaired by T cell Notch-

deprivation and measured cytokine production by splenocytes isolated from infected WT 

and CCD mice. Splenocytes obtained from WT mice responded to stimulation with heat-

killed C. neoformans by robust induction of IFN-γ, IL-13 and IL-17A; whereas splenocytes 

from infected CCD mice, while responsive, secreted significantly less IFN-γ and IL-13 

compared to those from WT mice (Fig. 4E-F, p<0.05 and p<0.05). Consistent with responses 

in the lungs, there was no difference in IL-17A production by splenocytes from WT and 

CCD mice (Fig. 4G). Thus, Notch-restricted T cell signaling contributes to both pulmonary 

and systemic Th1 and Th2 immune bias, but does not impact either local or systemic Th17 

responses.

T cell restricted Notch signaling promotes the polarization of Th1 and Th2 cells and 
expression of Tbet and Gata3 during cryptococcal lung infection

To establish if these effects on cytokine production in CCD mice were T cell-specific, we 

stimulated lung leukocytes isolated from infected WT and CCD mice at 4wpi with plate-

bound anti-CD3 and anti-CD28 antibodies and measured CD4+ T cell cytokine production 

by intracellular flow cytometry. The frequencies of CD4+ T cells expressing IFN-γ, IL-5 

and IL-13 were significantly reduced in CCD mice compared to WT (Fig 5A-C, p<0.05, 

p<0.05 and p<0.01), consistent with the suppressed Th1 and Th2 responses in bulk lung 

leukocyte cultures (Fig. 4A-D). The mean intensity of cytokine staining was also nearly or 

significantly decreased for each of these cytokines, indicating that Th1 and Th2 cytokine 

production was also reduced on a per cell basis (Fig. 5A-C, p=0.05, p<0.01 and p<0.05). 

Notably, the severe deficiency in the proportion of IFN-γ producing CD4+ cells, combined 

with reduced production, in infected CCD mice would largely account for both the overall 

impaired IFN-γ secretion measured from the cells of these animals; and contribute to their 

subsequent increased fungal burdens and mortality (Fig. 1, 4). There was not significant 

staining for IFN-γ outside of the T cell (CD4+ and CD8+) compartment, indicating that T 

cells were the main source of IFN-γ. In contrast, we did not detect any effect of Notch 

signaling on the frequency or staining intensity of IL-17-producing CD4+ cells (Fig. 5D), 
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which was consistent with the results of culture studies and further suggests that Notch 

signaling does not impact Th17 differentiation during cryptococcal infection. We did not 

observe significant cytokine production by cells from naïve animals (Fig. S3).

Th cell differentiation and cytokine production is largely orchestrated through master 

transcription factors that commit Th cells to specific lineages by inducing expression 

specific genes and by limiting differentiation towards alternative lineages (62). Therefore, 

we asked whether the reductions IFN-γ producing Th1 and IL-5 and IL-13 producing Th2 

CD4+ cells we observed in CCD mice correlated with diminished expression of Th1 and Th2 

transcription factors, Tbet and GATA3. We detected decreased levels of Tbet (Tbx21) 

mRNA expression in the infected lungs (Fig. 5E, p<0.001) and decreased protein levels 

specifically within CD4+ T cells of CCD mice by flow cytometry (Fig. 5F, p<0.05). 

Expression of GATA3 was also markedly reduced in infected CCD mice compared to WT; 

there was lower lung expression of GATA3 mRNA and protein within CD4+ T cells (Fig 5G, 

H, p<0.01 and p<0.01). No inherent difference was observed in naïve animals for either 

transcription factor, indicating that baseline expression in uninfected animals was not 

affected. Inhibition of Notch signaling in CCD mice did not have a significant effect on 

RORγt mRNA expression in either the naïve or C. neoformans infected lungs (relative 

expression 0.68±0.07 in WT and 0.51±0.09 in CCD), further supporting the conclusion that 

Notch does not contribute to pulmonary T cell Th17 polarization during cryptococcal 

infection. Collectively, these results demonstrate that T cell restricted Notch signaling is 

required for the development of normal Th1 and Th2, but not Th17, polarization of the 

CD4+ cells during C. neoformans infection and these effects could be mediated through 

Notch-dependent expression of Tbet and GATA3.

Inhibition of Notch signaling results in increased frequency of Treg in the lungs during 
cryptococcal infection

Notch inhibition has been reported to enhance Treg accumulation and function (25, 38, 47); 

and an increase in Treg could contribute to restricting strongly Th2-biased responses during 

cryptococcal infection (63, 64). Therefore, we investigated whether T cell restricted Notch 

inhibition increased pulmonary Treg. At 4 wpi, the frequency of FoxP3+ CD4+ T cells in 

Notch-deprived CCD mice was significantly increased compared to WT infected animals 

(Fig. 5I, p<0.05). We also detected a corresponding increase in the expression of Foxp3 from 

isolated lung leukocytes indicating that Treg accumulation was increased in the absence of 

Notch signaling (Fig. 5J, p<0.05). Thus, Notch signaling simultaneously promotes 

pulmonary Th1 and Th2 polarization and suppresses Treg accumulation in the lungs during 

cryptococcal infection.

Notch signaling affects T cell polarization in the lung associated lymph nodes

To determine whether T cell polarization was affected at the stage of priming in the lung 

associated lymph nodes (LALN), we measured cytokine transcript expression. We found 

reduced abundance of transcripts for the Th2-orchestrating cytokine gene Il4 (Fig. 6A, 

p<0.0001) and Treg-associated gene Foxp3 (Fig. 6B, p<0.05) in the LALN of infected-CCD 

mice compared to WT, further supporting the conclusion that Notch signaling impacts Th2 

and Treg polarization during cryptococcal infection. Although we did not observe a similar 
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decrease in the abundance of Ifng transcripts from the LALN of CCD mice (Fig. 6C), this 

was expected in light of previous demonstration that CD4+ Th1 polarization and IFN-γ 
production during C. neoformans infection does not occur until after proliferated T cells 

have left LALN and arrive to the infected lungs (65). The number of CD4+ T cells in the 

LALN increases during infection, but the percentage producing IFN-γ is ∼10-fold reduced 

in the LALN compared to the lungs, where a robust IFN-γ response develops in the 

presence of Notch signaling. This somewhat unusual observation is well demonstrated, can 

be re-capitulated in purified cells ex vivo and is unique to the CD4+ subset, which greatly 

outnumber CD8+ T cell numbers at this point during C. neoformans infection. As expected, 

we did not observe an effect of Notch inhibition on Il-17a expression, suggesting that Th17 

polarization was unaffected (Fig. 6D).

Notch signaling supports IFN-γ production in CD8+ T cells

In addition to Th1 CD4+ cells, polarized CD8+T cells contribute to anti-cryptococcal host 

defense in the lungs through production of IFN-γ and by reinforcing the Th1 environment 

(58, 60, 66). Since CD8+ T cells are also deprived of Notch signaling in the CCD mouse 

model (50), we investigated whether inhibition of Notch signaling affected CD8+ T cell 

accumulation and function during C. neoformans infection. We first analyzed the number of 

CD8+ cells and expression of CD44 and CD62L expression in the lungs of WT and CCD 

mice at 4 wpi to determine whether inhibition of Notch prevented CD8+ T cells from 

adopting an effector fate during C. neoformans infection. The total numbers (Fig. 7A), 

percentages (Fig. S1) and expression of activation markers (Fig 7B) on CD8+ cells in the 

perfused lungs was not significantly different in WT and CCD mice indicating that Notch 

signaling is not involved in the accumulation of effector CD8+ T cells during cryptococcal 

infection. We further analyzed IFN-γ production by CD8+ T cells to determine whether the 

CD8+ effector responses were dependent on Notch. Similar to the decreased percentage of 

CD4+ T cells secreting IFN-γ and reduced magnitude of IFN-γ staining, we consistently 

identified diminished frequencies of IFN-γ producing CD8+ T cells in the lungs of C. 
neoformans infected CCD mice compared to WT and they produced less IFN-γ per cell (Fig 

7C, p<0.05 and p<0.01). Thus, in addition to the defect in IFN-γ production by CD4+ T 

cells, deficiency in IFN-γ production by CD8+ T cells further contributed to the overall 

profound suppression of IFN-γ production which in turn corresponded to greater fungal 

burdens and impaired survival of CCD mice.

Notch has been suggested to regulate CD8+ differentiation and IFN-γ production through 

control of the transcription factor Eomesodermin, which regulates cytotoxic effector 

function (67, 68). To determine whether regulation of Eomesodermin accounted for the 

impaired IFN-γ production from Notch deprived CD8+ T cells, we measured expression in 

these cells by flow cytometry. Notch-deprived CD8+ T cells from CCD mice had reduced 

expression of Eomesodermin compared to WT (Fig 7D, p<0.05) suggesting that Notch 

signaling regulates the development of effector responses and IFN-γ production by CD8+ T 

cells, at least in part, through effects on Eomesodermin expression during cryptococcal 

infection. Collectively, these data indicate that Notch signaling is required for the major 

protective effector function of both CD4+ and CD8+ T cells during C. neoformans infection.
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Inhibition of T cell restricted Notch signaling impairs myeloid cell activation in the lungs 
during cryptococcal infection

Ultimately, clearance of C. neoformans from the lungs is critically dependent on the 

recruitment and classical activation of exudate macrophages and dendritic cells (11, 69) 

whose polarization and effector functions are dynamically shaped by the inflammatory 

milieu (10, 70). Thus, we investigated how the perturbed immune responses and cytokine 

production we measured in the lungs of CCD mice affected myeloid cell activation. We 

quantified expression levels of alternative (Arg1, Fizz1 and Ym2) and classical (iNOS) 
activation markers in purified adherent lung macrophages, which are associated with non-

protective (poorly fungicidal) and protective responses, respectively. Macrophages from the 

lungs of C. neoformans-infected mice showed marked expression of alternative activation 

marker Arg1 (Fig. 7A), as expected at this time point (10). However, expression of Arg1 was 

significantly more robust in the lungs of infected WT mice compared to CCD animals (Fig. 

8A, p<0.001), suggesting that alternative activation of macrophages was suppressed in the 

absence of Notch signaling. In support of this observation, we found similar trends in 

expression of additional alternative activation markers Fizz1 (Retnla) (Fig. 8B, p<0.01) and 

Ym2 (Chil4) (Fig. 8C, p=0.08) in macrophages from infected CCD mice. In contrast to the 

robust expression of alternative activation genes, infected WT and CCD mice showed only 

modest expression of the classical activation marker iNOS (Nos2), which was not 

significantly different between groups (Fig. 8D). Collectively, T cell-restricted Notch 

signaling had an indirect, yet significant, role in shaping macrophage activation during 

cryptococcal infection.

Discussion

Notch signaling has been shown to exert effects on the differentiation, activation, functional 

responses of T cells in models of alloimmune and autoimmune disorders (28, 29, 38-49) and 

a limited number of infectious diseases (26, 50-52), but this study is the first report on the 

impact of Notch signaling in T cell function and host defense against an invasive fungal 

infection. We establish that T cell-restricted canonical Notch signaling regulates CD4+ and 

CD8+ responses that promote fungal containment, enhance leukocyte recruitment and limit 

dissemination to the CNS during C. neoformans infection. We show that Notch signaling 

mediates these effects through 1) enhanced Th1 polarization, including CD4+ T cell 

expression of Tbet and IFN-γ production by CD4+ and CD8+ T cells; 2) reduced 

accumulation of Treg; and 3) enhanced accumulation and altered activation of myeloid cells. 

While T cell-restricted canonical Notch signaling has a net beneficial effect on fungal 

clearance in the C. neoformans-infected lungs, we also show that it is required for the 

generation of non-protective Th2 responses, including expression of Gata3 and production 

of IL-5 and IL-13. Overall, our data identify Notch signaling as a broad regulator of T cell 

responses that is required for pulmonary containment and clearance of cryptococcal 

infection.

Inhibition of T cell restricted Notch signaling had a powerful impact on control of infection. 

Impaired fungal clearance in the lungs of CCD mice was associated with disorganized 

granuloma formation, uncontained extracellular fungal growth, increased CNS 
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dissemination and reduced survival. Clearance of cryptococcal infection from the lungs 

critically shaped by the presence of CD4+ T cells in sufficient numbers and the appropriate 

balance between Th1, Th2, Th17, Treg and CD8+ arms of the immune response that develop 

during infection (5-14, 59, 61, 70, 71). Therefore, the strong effect of Notch inhibition to 

curtail protective Th1 and CD8+ T cell responses in the C. neoformans- infected lungs likely 

accounts for diminished induction of MIP-1β and MIP-2α and subsequent failure of 

leukocyte recruitment to the lungs. Furthermore, impaired IFN-γ production prevented 

classical activation of macrophages despite the concurrent effect of Notch inhibition on 

reducing the magnitude of Th2 responses. While alternatively activated macrophages have 

limited fungicidal capacities, this activation was also reduced by Notch inhibition; thus 

perpetuating the loss of fungal control likely compromised by the already diminished 

leukocyte recruitment.

Interestingly, the simultaneous effect of Notch signaling on both Th1 and Th2 responses 

appears unique to C. neoformans compared to other pathogens. Studies on Leishmania 
major (26, 53), respiratory syncytial virus (51) and influenza (52) have noted effects of 

Notch signaling on Th1 responses, but reported no effect on or even increased magnitude of 

Th2 responses following Notch inhibition. In contrast, a study on the helminth Trichuris 
muris noted effects on Th2, but not Th1, responses (50). This suggests that the effect of 

Notch signaling on host defense is dependent on the infecting pathogen and immunological 

context.

There are several mechanisms by which Notch could be expected to regulate T cell 

responses during C. neoformans infection, including effects on T cell survival, activation, 

differentiation or functional recall (21, 28-37). We did not observe a significant difference in 

total lymphocyte or T cell numbers in the lungs of mice with cryptococcal infection. 

Likewise, there was no difference in the naïve versus antigen-experienced effector and 

memory state of T cells as assessed by CD44 and CD62L staining during the peak of 

adaptive response at 4 wpi when the difference in total cell numbers in WT versus CCD 

mice was greatest. Thus, the impaired Th1 and Th2 cell responses we measured in 

C.neoformans-infected CCD mice are not attributable to diminished CD4+ T cell activation 

or a paucity of surviving T cells available to be re-stimulated and differentiate to memory 

cells. In contrast to Th1 and Th2, Th17 responses were not affected. The similar frequency 

of IL-17A+ T cells and adequate production of IL-17A in response to cryptococcal antigen 

in WT and CCD mice suggests that, in general, the CD4+ T cell compartment maintained the 

ability to respond to fungal antigen during priming and re-stimulation.

To what degree Th1 and Th2 differentiation and Tbet and Gata3 expression are directly, or 

indirectly, regulated by Notch signaling during C. neoformans infection is unclear; but 

previous studies clearly demonstrated that Notch signaling can directly regulate three major 

Th transcription factors, Tbx21, Gata3, and Rorc, at least under certain circumstances 

(34-36, 72, 73). Our observation that expressions of major Th-lineage transcription factors 

Tbet and Gata3 but not RORγt are reduced in the absence of Notch signaling, demonstrates 

that the net impact of canonical Notch signaling is not the same for all Th-cell lineages 

during naturally developing immunity to C. neoformans infection. This finding brings a new 

perspective on paradigm proposed by Bailis et al, that Notch signaling acts as an unbiased, 
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universal amplifier synergizing with environmental signals to upregulate transcription of all 

Tbx21 and Ifng; Gata-3 and Il4; and Rorc and Il17a during Th polarization in vitro (74). The 

joint interpretation of Bailis et al and our studies is that the fundamental role of Notch 

signaling in Th1, Th2 and Th17 induction is subjected to additional modulation via host 

and /or microbe-derived factors during natural host responses to infections (10, 71, 75, 76). 

One possibility is that the more predominant effects of Notch on Th1 and Th2 conditions 

during cryptococcal infection mask Notch-directed regulation of the Th17-axis. This could 

be attributed to the lesser role of Th17, which mainly functions as amplifier of the Th1 

response in anti-cryptococcal defenses (12). While it is beyond the scope of the present 

paper, future studies are needed to precisely address the mechanism behind differential role 

of Notch signaling for generation of Th17 responses in different models.

Interestingly, the suppression of Tbet and Gata3 expression we found by Notch inhibition 

during C. neoformans infection is in contrast to reported functions of Notch signaling in 

models of GVHD and EAE, where Notch-deprived T cells acquire a hyporesponsive 

phenotype despite preserved expression of Tbet and Gata3 (28, 29). The data from these 

models suggests that Notch signaling is also integrated with TCR signaling during antigen 

recall responses, which could be a secondary factor contributing to reduced cytokine 

production from Notch-deprived T cells during C. neoformans infection. However, the 

magnitude of this effect by Notch signaling is likely modified by antigen properties and 

other signals, including the local inflammation and the tissue environment. Notably, our 

infection model utilizing CCD mice does not address the potential role of non-canonical 

Notch signaling during C. neoformans infection. It is also possible that non-canonical 

pathways may simultaneously exert effects on Th1, Th2 and Th17 polarization that are not 

captured here.

A significant finding of this study was the increased frequency of Treg in CCD mice during 

cryptococcal infection, which has not been reported following inhibition Notch signaling in 

the context of other pathogens; but is supported by previous reports noting increased Treg 

accumulation in CCD mice in alloimmune and autoimmune disorders (25, 38, 39, 47). Treg 

exert suppressive effects limiting Th responses (75), and Th1 responses are significantly 

impacted by Treg-intrinsic Notch signaling in several models (25). In contrast, recent studies 

consistently and specifically accredit Treg in controlling exuberant Th2 responses during 

cryptococcal infection, without notable effects on Th1 (63, 64). Therefore, the suppression 

of Th2, or less likely Th1, responses we measured in C. neoformans-infected CCD mice 

could be partially influenced by Treg in addition to direct effects of Notch on Th 

differentiation.

Concurrent with the suppression Th1 responses, we also found that IFN-γ production was 

significantly diminished in Notch-deprived CD8+ T cells during cryptococcal infection, 

despite the lack of overall effect on total number of the CD8+ T cells or effector phenotype 

within the CD8+ compartment. This effect on IFN-γ production is consistent with 

observations that Notch1 is preferentially upregulated on CD8+ effector cells (30) and 

supports a role for Notch in promoting CD8+ T cell effector function either directly or due to 

defective CD4+ help (37). Moreover, Notch-deprivation within these cells could significantly 

contribute to the dramatically reduced IFN-γ production in the lungs, failure to contain 
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fungal growth, and increased dissemination to the CNS we observed in CCD mice. We also 

found that Notch-deprived CD8+ T cells had reduced expression of the transcription factor 

eomesodermin suggesting that deficiencies in IFN-γ by CD8+ T cells was at least partially 

attributable to Notch regulation of this factor, as has been reported in several models (67, 

68). Thus, these data suggest that inhibition of Notch did not regulate CD8+ T cell activation 

or survival during C. neoformans infection, despite the reported roles for Notch and 

Eomesodermin in maintaining long-lived CD8+ memory (76, 77).

The profound effects of T cell restricted Notch signaling on multiple elements of host 

defense against C. neoformans raise several points regarding the possible risk of invasive 

fungal infections during immunotherapies that modulate Notch signaling. In our study, CCD 

mice with an absolute blockade in T cell restricted Notch signaling were unable to control 

fungal burden in the lungs and prevent later fungal dissemination to the CNS, which is the 

major cause of morbidity and mortality in human cryptococcal disease. Many patients likely 

to receive Notch-targeting therapies are already at risk of cryptococcosis; C. neoformans is 

the third most common fungal infection in organ transplant recipients (3) and has been 

reported in bone marrow transplant patients undergoing prophylaxis for GVHD (78). Thus, 

our results highlight the importance of developing short term therapies targeting Notch 

signaling to prevent cryptococcal infections; as prolonged and pan-Notch inhibition could 

put patients at even greater risk for disseminated cryptococcal infection. Specifically timed 

and targeted blockade of individual Notch ligands or receptors, such as those being 

investigated for GVHD and models of MS, may offer advantage in in this regard as well as 

minimize on-target toxicity (39, 40, 47, 48).

In summary, this study establishes the importance of T cell restricted Notch signaling in 

control of invasive fungal infection. We demonstrate a crucial role for Notch signaling in the 

development of both the protective Th1 arm of the immune response, which controls fungal 

growth in the lungs and opposes dissemination to the CNS; the non-protective Th2 against 

C. neoformans; and in opposing Treg. Thus, clinical studies evaluating Notch pathway 

inhibitors for prevention of transplant rejection should consider potential effect of these 

drugs on host defense to cryptococcal and other invasive fungal infections that necessitate 

robust T cell immunity.
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Figure 1. Inhibition of Notch signaling in mature T cells impairs control of fungal burden in the 
lungs and the CNS during cryptococcal lung infection
Transgenic mice expressing a dominant negative Notch inhibitor, DNMAML, within mature 

T cells (CCD mice) and phenotypically WT littermates (WT) were infected intratracheally 

with C. neoformans to establish a pulmonary infection. (A) Fungal burdens were quantified 

from homogenate of the perfused lungs 3, 4, and 6 weeks post infection (wpi). (B) Sections 

of infected lungs obtained at 6 wpi were stained with hematoxylin and eosin and 

counterstained with mucicarmine to visualize cryptococci. Representative images from 

different areas are shown at 10, 40 and 100× power. Note the loose granuloma structure, 

uncontained extracellular growth of fungal organisms (black arrows) and numerous 

cryptococcal yeasts within macrophages (open arrows). Fungal burdens were quantified 

from homogenate of the spleens (C) and brains (D) at 3, 4, and 6 wpi. Data shown represent 

the mean and standard error from 2-4 pooled experiments with a total n=7-21 mice per time 

point. *p<0.05, **p<0.01

Neal et al. Page 21

J Immunol. Author manuscript; available in PMC 2018 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Inhibition of T cell restricted Notch signaling reduces pulmonary leukocyte 
recruitment to the lungs during cryptococcal infection
(A) Total cell numbers were determined from hemocytometer counts of digested 

suspensions from perfused lungs at 3, 4 and 6 wpi. Differential cell counts were calculated 

from Wright-Giemsa stained cytospin slides at (B) 3, (C) 4 wpi and (D) 6 wpi. Data shown 

represent the mean and standard error from 2-4 pooled experiments with a total n=7-21 mice 

per time point. (E-F) RNA was isolated from naïve and infected lung leukocytes from 

perfused mice at 4 wpi. Expression of (E) MIP-1β (Ccl4) and (F) MIP-2α (Cxcl2) in lung 

leukocytes were measured by qRT-PCR and normalized to Gapdh. Data shown are the mean 

± SEM of n=3-7/group. *p<0.05, **p<0.01
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Figure 3. Inhibition of Notch signaling does not significantly alter accumulation or frequency 
antigen-primed of T cells in the lungs during cryptococcal infection
(A) Lung leukocytes were isolated from perfused CCD and WT mice at 4 wpi and the total 

number of TCRβ+ T cells and number of CD4+ T cells were quantified after gating on Live, 

CD45+ cells by flow cytometry. (B) CD44 and CD62L staining was used to assess activation 

and effector phenotype of CD4+ T cells and representative plots from 1 of 2 experiments are 

shown. Data shown in quadrants are the mean frequency of CD4+ parent ± SEM with n=5-6/

group. None of data were significantly different.
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Figure 4. Inhibition of T cell restricted Notch signaling reduces Th1 and Th2 cytokine 
production in the lungs of mice with cryptococcal infection
Leukocytes were isolated from perfused naïve and infected lungs (A-D) and spleens (E-G) at 

4 wpi (5×106/ml) and stimulated with heat-killed C. neoformans (10×106/ml) at a 2:1 ratio 

for 24 or 48 hours, respectively. Cytokine levels in supernatants were measured by ELISA 

and cytometric bead assays. Data are the mean ± SEM from 1-3 experiments with total 

n=5-15/group. *p<0.05, **p<0.01, ***p<0.001
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Figure 5. Inhibition of Notch signaling reduces frequencies of Th1 and Th2 cells in the lungs 
during C. neoformans infection
Lung leukocytes were isolated from perfused CCD and WT mice at 4 wpi. (A) Cells were 

stimulated with plate bound anti-CD3 and anti-CD28 antibodies and analyzed for the 

proportion of cells producing (A) IFN-γ, (B) IL-5, (C) IL-13 and (D) IL-17A by flow 

cytometry. The geometric mean fluorescence intensity (MFI) of the positive populations is 

quantified next to each plot. (E) Expression of Tbet was quantified in lung leukocytes by 

qRT-PCR and (F) within lung CD4+ T cells by flow cytometry. (G) Expression of Gata3 was 

quantified in lung leukocytes by qRT-PCR and (H) within lung CD4+ T cells by flow 
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cytometry. (I) The frequency of FoxP3+ CD4+ Treg was determined by flow cytometry and 

(J) expression of Foxp3 in the lugs was determined by qRT-PCR. Flow cytometry plots 

shown are gated on Live, CD45+, TCRβ+ CD4+ T cells and are representative examples of 

1-4 independent experiments. FMO controls were used to set cytokine gates. Frequencies 

and MFI (geometric mean) data shown are the mean ± SEM with n=5-7/group. Relative 

gene expression is normalized to Gapdh. Data shown are the mean ± SEM of n=3-7/group. 

*p<0.05, **p<0.01
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Figure 6. Inhibition of Notch signaling inhibits markers of T cell polarization in the lung 
associated lymph nodes during cryptococcal infection
The abundance of Il4, Foxp3, Ifng and Il17 transcripts was quantified from the lung 

associated lymph nodes of C. neoformans-infected mice at 4 weeks post infection by qRT-

PCR. Relative gene expression is normalized to Gapdh. Data shown are the mean ± SEM of 

n=4-15 mice/group. *p<0.05, **p<0.01
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Figure 7. Inhibition of Notch signaling impairs IFN-γ production by CD8+ T cells in the lungs 
during C. neoformans infection
Lung leukocytes were isolated from perfused CCD and WT mice at 4 wpi. (A) The total 

number of CD8+ T cells were quantified and (B) CD44 and CD62L staining was used to 

assess activation and effector phenotype after gating on Live, CD45+ TCRβ+ CD8+ cells by 

flow cytometry. (C) Lung leukocytes were stimulated with plate bound anti-CD3 and anti-

CD28 antibodies and analyzed for the proportion of CD8+ T cells producing IFN-γ and (D) 

expression of Eomesodermin was determined by flow cytometry. Flow cytometry plots 

shown are gated on Live, CD45+, TCRβ+ CD8+ T cells and are representative examples of 

1-4 independent experiments. FMO controls were used to set cytokine gates. Frequencies 

and MFI (geometric mean) data shown are the mean ± SEM with n=5-7/group. *p<0.05, 

**p<0.01, ***p<0.001
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Figure 8. Inhibition of Notch signaling during C. neoformans infection results in diminished 
expression of alternative activation markers by lung leukocytes
RNA was isolated from purified adherent macrophages isolated from the perfused lungs of 

naïve and infected mice at 4 wpi. Expression of alternative activation markers (A) Arg1 and 

(B) Fizz1 (Retnla) and (C) Ym2 (Chil4), and classical activation marker (D) iNOS (Nos2) 
were measured in macrophages by qRT-PCR and normalized to Gapdh. Data shown are the 

mean ± SEM of n=3-7/group. **p<0.01, **p<0.001
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