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Type 2 (TH2) immune responses evolved to respond to helminth parasite infections by the 

production of TH2 cytokines, which stimulate anti-helminth immunity. Macrophage migration 
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inhibitor factor (MIF) is a pleiotropic cytokine, which is produced by many cell types. We 

demonstrate that mice deficient in MIF have enhanced clearance of a helminth parasite. MIF 

deficiency in CD4+ T cells was found to be the most important for mediating parasite clearance. 

We mimicked MIF deficiency by administering an inhibitor of the MIF tautomerase activity, 

sulforaphane, and this also increased parasite clearance (Section I). 

TH2 immune responses underlie allergy and allergic asthma, in which the same cytokines 

that help expel parasites are released in response to innocuous substances. Integral to the 

initiation of adaptive TH2 immunity are dendritic cells (DCs), which take up antigen and 

stimulate antigen-specific CD4+ T cell responses. We found that DC expression of ADAM10, a 

zinc-dependent metalloproteinase, is critical for the development of TH2 immune responses and 

IgE production from B cells. This effect is demonstrated in both allergic airway inflammation 

and anaphylaxis models. ADAM10-deficient DCs are unable to cleave Notch1 receptors, 

resulting in reduced IL-6 production and this ultimately results in decreased TH2 activity. 

ADAM17 is closely related to ADAM10 in both structure and function. Interestingly, mice from 

which ADAM10 and 17 are removed from DCs (ADAM10/17DC-/-) have a distinct phenotype 

from both ADAM10DC-/- and ADAM17DC-/- mice in models of allergic airway inflammation 

(Section I).  

We also examined another effect of TH2 cytokines on the interaction between mast cells 

and myeloid derived suppressor cells (MDSCs). We sought to understand how histamine and IL-

13, mediators made by mast cells, affect the immunoregulatory function of MDSCs. MDSCs in 

IL-13-deficient mice with tumor are more prevalent in circulation rather than in tumor or organs, 

which could be due to changes in CCL2/CCR2 chemotaxis. In addition, MDSC function after 

treatment with the DNA methyltransferase inhibitor, decitabine was examined. This treatment 
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reduced their suppressive function and increased the expression of molecules needed for antigen 

presentation. Overall, TH2 immunity has multifaceted roles in anti-parasite immunity, allergic 

asthma, and MDSC function (Section II). 
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Section 1: The initiation and maintenance of type 2 immune responses 

Introduction 

Type 2 (TH2) immune responses are characterized by the cytokines interleukin 4 (IL-4), 

IL-5, IL-9, and IL-13. Innate cells are first to respond to TH2 signals by producing cytokines that 

relay the message to other innate cells as well as the adaptive arm of the immune system. These 

innate cells are innate lymphoid cells type 2 (ILC2), mast cells, eosinophils, basophils, and 

alternatively activated macrophages, whereas the adaptive response involved CD4+ T cells and B 

cells1. Originally, TH2 responses were primarily thought to be regulatory responses aimed at 

countering the inflammation generated by TH1 immunity2. However, advances in the field have 

elucidated the many new aspects of TH2 immune responses as well as their complexities. 

TH2 immunity evolved as a protective response against helminth parasites3. These 

responses revolved around enhancing barrier defenses through mucus production, eosinophilia, 

smooth muscle contractility, intestinal epithelial turnover and alternative macrophage 

activation4–7. Overall the outcome is expulsion of the parasite from the gut. As the initial reports 

indicated, there is a regulatory function of TH2 immunity, which dampens the inflammation 

associated with TH1 immune responses. TH2 responses also activate tissue repair mechanisms. 

 The host protective functions are valuable, but when dysregulated they can lead to many 

diseases that are becoming increasingly prevalent. Overactivity of TH2 responses is responsible 

for allergic asthma, atopic dermatitis, allergic rhinitis, eosinophilic esophagitis, and allergies, 

including anaphylaxis8. An enhancement in TH2 versus TH1 immunity in the situation of cancer 

has been shown to be detrimental for patient prognosis. As TH2 immune responses antagonize 



 2 

TH1, anti-tumor and tumor surveillance activities of TH1 immunity are largely impaired9–11. 

Given the wide and varied roles of TH2 immunity in health and disease, a better understanding of 

the mechanisms of initiation and maintenance of responses is indispensible and may lead to 

potential targets for therapeutic intervention.  
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Chapter 1 Macrophage migration inhibitor factor deficiency enhances immune response to 

Nippostrongylus brasiliensis 

1.1.1 Introduction 

Clinical manifestations and functions 

Soil transmitted helminths infect greater than one billion individuals worldwide, particularly in 

tropical and sub-tropical climates where sanitation is poor. These infections include the species 

Ascaris lumbricoides, Trichuris trichiura, Necator americanus, and Ancylostoma duodenale12. 

Though these infections are not usually fatal, significant morbidity related to the worm burden in 

the individual remains a problem. Symptoms range from diarrhea and abdominal pain to general 

malaise and weakness, but can progress to impaired cognition and physical development, 

especially in children12. While current anti-helminthic agents are available and relatively 

inexpensive, the global coverage of children with these treatments is only 33%13. Understanding 

and enhancing the immune response to soil transmitted helminths could greatly expand potential 

therapeutic options and reduce helminth associated morbidity. 

Nippostrongylus brasiliensis is a rodent helminth that is similar to the human hookworm. 

N. brasiliensis elicits a dominant TH2 response in mice, including the cytokines IL-4, IL-5, and 

IL-13 as well as IgE antibody production. Downstream effects include enhanced mucus 

production, goblet cell hyperplasia, eosinophilia, and enteric nerve stimulation, all of which 

facilitate expulsion of the intestinal worm. This response has been well-studied, but in recent 

years elucidating the effect of the innate immune system on TH2 responses has increased in 

importance14,15. Many of these innate factors alter adaptive immune responses toward a specific 

T helper subset, thereby altering effective immunity to helminth parasites. 
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Macrophage migration inhibitor factor 

Macrophage migration inhibitory factor (MIF) was one of the first cytokines to be described16,17. 

Since its initial discovery, it has been shown to have many functions, acting as an anterior 

pituitary hormone18, a pro-inflammatory cytokine19–22, and a tautomerase enzyme23–25, among 

many others26. Consistent with its diverse functions and the large array of cell types that produce 

it, the downstream effects of MIF are extensive: MIF activates MAPK signaling pathways27, 

promotes LPS stimulation through TLR428, interacts with Jab1 to increase transcription of AP-1 

target genes29, and activates NF-kB30. In addition to these functions and in contrast with other 

cytokines, MIF encodes an enzymatic activity, acting as a keto-to-enol tautomerase25. The role of 

this enzymatic activity in the biological functions of MIF remains controversial, as no 

physiological substrate has been identified. However, several groups have characterized 

inhibitors of this activity, which display efficacy in disease models that are dependent on 

MIF31,32. 

 Given that MIF is involved in many cellular pathways and functions as a pro-

inflammatory cytokine, it is not surprising that it has been studied in both human and murine 

disease, including rheumatoid arthritis33, atherosclerosis34, and LPS-induced sepsis19,22,35. In 

infections caused by intracellular pathogens like Salmonella typhimurium and Mycobacterium 

tuberculosis, MIF deficiency led to a diminished TH1 immune response and was detrimental to 

host36,37. MIF has additionally been studied in several parasite infections38–42. However, these 

studies have been limited to models in which a TH1 response is required for clearance, such as 

Leishmania major38, Plasmodium chabaudi41,42, and Taenia crassiceps43. To date, inquiry into 

the role of MIF in infection with parasites requiring a TH2 response for clearance has been 

limited40. 
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In this study, we analyzed the role of MIF in the immune response of mice infected with 

N. brasiliensis. We examined how MIF deficiency altered the course of infection and the cellular 

immune responses using MIF-/- mice. MIF-/- mice had enhanced clearance of N. brasiliensis due 

to a robust TH2 response. Using an inhibitor of MIF, we demonstrate the importance of the 

tautomerase enzyme activity in mediating immune alterations and immunity to N. brasiliensis. 

 

1.1.2 Materials and Methods 

1.1.2.1 Mice 

All animal experiments were performed with the approval of the Virginia Commonwealth 

University Institutional Animal Care and Use Committee. MIF-/- mice were generously provided 

by Janet Cross at the University of Virginia. Mice were maintained in the Virginia 

Commonwealth University animal facility in accordance to guidelines for the humane treatment 

of laboratory animals set forth by the National Institutes of Health and the American Association 

for the Accreditation of Laboratory Animal Care. MIF-/- Balb/c mice were obtained from 

cryopreserved stocks at the Jackson Laboratory (Bar Harbor, ME)35. These mice were then 

backcrossed onto C57Bl/6 as described44. Female and male mice wild type (WT) C57Bl/6 (Stock 

No. 000664) and Balb/c (Stock No. 000651) aged 6 to 12 weeks old were purchased from the 

Jackson Laboratory and used as controls for MIF-/- C57Bl/6 and Balb/c mice, respectively. The 

C57Bl/6 congenic strain CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ, Stock No. 002014) was used as 

WT recipient and donor in the bone marrow reconstitution experiment. Mice were euthanized by 

isoflurane inhalation followed by cervical dislocation as per AALAC guidelines. Table 1 lists 

genotyping primers used to identify mice. 
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Table 1: Genotyping Primers 

Mouse Colony  Primer Name Sequence 
MIF-/- MIF MIF F CTTGGGTGGAGAGGCTATTC 

MIF R AGGTGAGATGACAGGAGATC 
Neo Neo F ACGACATGAACGCTGCCAAC 

Neo R GGTCTCTTATAAACCATTTATTTCTCC 
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1.1.2.2 Helminth infections 

N. brasiliensis and H. polygyrus bakeri (L3) larvae were generously provided by Joseph Urban at 

the USDA and maintained as previously described45. Each experimental group of mice was 

inoculated s.c. with either ~600 N. brasiliensis or intra-gastric ~200 H. polygyrus bakeri. Eggs in 

the feces were enumerated using a saturated NaCl solution and a McMaster counting chamber. 

Adult worms (L5) were isolated from the proximal small intestine and counted using a dissecting 

microscope45. 

1.1.2.3 MLN and splenocyte culture and proliferation measurement 

Spleens were crushed manually between two frosted microscope slides, filtered through 40µM 

cell strainer, and red blood cells (RBCs) were lysed using ACK Lysis Buffer (Quality Biological 

Inc., Gaithersburg, MD). Splenocytes were washed in PBS and enumerated. Mesenteric lymph 

nodes (MLNs) were isolated, teased apart with forceps, filtered through a 40µM cell strainer and 

enumerated. 96-well plates were coated with anti-CD3ε (1µg/mL, clone 145-2C11, Biolegend, 

San Diego, CA) for 1h at 37°C and then washed with PBS. Splenocytes and MLN cells were 

seeded at 5x105 cells per ml complete RPMI (cRPMI, RPMI 1640 containing 10% heat 

inactivated fetal bovine serum (Atlanta Biological Inc., Norcross, GA), 2mM L-glutamine, 

50µg/mL penicillin, 50µg/mL streptomycin, 1mM sodium pyruvate, 50µM 2-mercaptoethanol, 

1X non-essential amino acids, 20mM HEPES buffer, (all from Invitrogen, San Diego, CA) and 

with anti-CD28 (2µg/mL, clone 37.51 Biolegend). Cell culture supernatants were harvested after 

96h of growth at 37°C with 5% CO2. For proliferation assessment, 1.25 x 105 cells/mL were 

plated in cRPMI with anti-CD28 (2µg/mL). After 72h of growth, 1µC of [3H]-Thymidine (Perkin 

Elmer, Waltham, MA) was added to each well. After 18h, cells were harvested onto GFC plates 
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using a Filtermate cell harvester and incorporation of [3H]-Thymidine was measured by beta 

counter (TopCount plate counter PerkinElmer, Waltham, MA). 

1.1.2.4 Enzyme-linked immunosorbant assay (ELISA) 

Serum was collected at different time points after infection. The following in house ELISA 

antibodies were used in IgE, IgG1, and IgM ELISAs46: anti-IgE capture, biotinylated anti-mouse 

IgE, anti- mouse IgG1 capture, anti-mouse IgG1 alkaline phosphatase (AP), anti-mouse IgM 

capture, and anti-mouse IgM AP. The 96-well plate was coated with the capture antibody; 

serially diluted samples were added and followed by detection antibody. IgE, IgG1, and IgM 

standards were used to generate a standard curve. Plates were developed by adding alkaline 

phosphate substrate (Sigma-Aldrich) and read by a spectrophotometer at 405 and 650nm. 

Cell culture supernatants were examined for IL-13 and interferonγ (IFN) cytokines. For IL-13, 

96-well plates were coated with anti-mouse IL-13 capture antibody (6µg/mL, #MAF413, R&D 

Systems, Minneapolis, MN) for 1h at 37°C. Plates were blocked for 1h at 37°C with 10% fetal 

bovine serum in PBS. Samples were added to plates neat and diluted 1:10 for 2hr at 37°C. 

Recombinant IL-13 was used to generate a standard curve. Biotinylated anti-mouse IL-13 

detected antibody (0.2µg/mL, #BAF413, R&D Systems) was added for 1h at 37°C, followed by 

Streptavidin-AP (Southern Biotech) for 1h at 37°C. Plate was developed as described above. 

IFNγ was detected in the supernatants using Ready-Set-Go! IFNγ ELISA kit (eBioscience, San 

Diego, CA) per manufacturer’s instructions. 

1.1.2.5 qPCR 

Tissues were flash frozen in liquid N2 and total RNA was extracted using TRIzol Reagent (Life 

Technologies, Grand Island, NY). Cells were homogenized in the TRIzol Reagent and total RNA 

was isolated per manufacturers instructions. RNA was quantified using the absorbance at 260nm 
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(ND-100 Nanodrop). 400ng RNA was reverse transcribed into cDNA using iScript cDNA 

Synthesis Kit (Bio-Rad, Hercules, CA). Real time PCR was performed using the iQ5 system 

(Bio-Rad). Gene Expression Master Mix and Taqman probes (Table 2) were purchased from 

Applied Biosystems (Grand Island, NY) and used per manufacturers instructions. Primers for 

Gata3, Tbx21, and β2 microglobulin (Table 2) were purchased from Integrated DNA 

Technologies (Coralville, IA) and used with SYBR Green SuperMix (Bio-Rad). Fold change 

from uninfected samples was calculated using the ΔΔCt method47. 

1.1.2.6 Histology 

Small intestines were fixed in 10% formaldehyde. Paraffin sections were cut, mounted on slides, 

and stained with Periodic Acid Schiff stain (Life Technologies, Carlsbad, CA). Images were 

taken on an Olympus BX41 microscope. 

1.1.2.7 Bone marrow reconstitution 

Bone marrow cells were collected from WT CD45.1 and MIF-/- mice as follows: tibiae and 

femurs were isolated from the mice and then centrifuged in microcentrifuge tubes to retrieve 

bone marrow, RBCs were lysed with ACK Lysing Buffer and then bone marrow cells were 

washed in PBS and enumerated. WT CD45.1 and MIF-/- mice were irradiated (MDS Nordion cell 

40 research irradiator [137Cs]) with 2 doses of 550cGy separated by a 2h rest period. 5x106 bone 

marrow cells were then injected intravenously into the irradiated mice48. After 6 – 8 weeks of 

reconstitution, mice were infected with N. brasiliensis as described above. Successful 

reconstitution was indicated by flow cytometric analysis of the spleen, MLN, resident peritoneal 

cells isolated by lavage, and blood of recipient mice (Figure 11). 
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1.1.2.8 Rag1-/- Reconstitution 

Rag1-/- mice (Stock no. 002216) were obtained from Jackson Laboratory (Bar Harbor, ME). B 

cells were isolated from WT spleens using B220+ magnetic bead selection and WT and MIF-/- 

splenic CD4+ T cells were isolated using L3T4 magnetic bead selection according to 

manufacturer’s instructions (Miltenyi Biotec, Gergisch, Gladbach, Germany). 20 x 106 B cells 

and 10 x 106 WT or MIF-/- CD4+ T cells were i.v. injected into Rag1-/- mice. After one week, N. 

brasiliensis was injected as described above. 

1.1.2.9 Flow cytometric analyses and FACS 

Single cell suspensions were obtained from MLNs, spleens, peritoneal lavage, and peripheral 

blood after bone marrow reconstitution and N. brasiliensis infection. Cells were blocked with 

unlabeled anti-mouse CD16/32 (clone 2.4G2) for 10min on ice, followed by incubation with 

fluorochrome labeled antibodies. Antibodies used were as follows Alexa647 anti-mouse CD45.1 

(clone A20), PerCP-Cy5.5 anti-mouse CD45.2 (clone 104) (Biolegend), FITC lineage cocktail, 

CD127 (clone A7R34), ST2 (clone DIH9), CD117 (clone 2B8), and FcεrIα (clone MAR-1) 

(Biolegend). Cells were analyzed on a BD Canto Flow analyzer; data was analyzed using FlowJo 

software (version7.6, TreeStar, Ashland, OR). For FACS, single cell suspensions of MLNs were 

stained with PE anti-mouse CD90.2 (clone 30.H12), APC anti-mouse/human B220 (clone RA3-

6B2), PE-Cy7 anti-mouse CD4 (clone GK1.5), and FITC anti-mouse CD11c (clone N418) 

(Biolegend) and then sorted on a BD FACS Aria cell sorter (BD Biosciences, San Jose, CA). 

1.1.2.10 MLN CD4+ T cell isolation and western blotting 

Single cell suspensions of MLNs were generated as described above. CD4+ cells were isolated 

by positive selection using non-activating CD4+ (clone L3T4) magnetic beads (Miltenyi Biotec) 

per manufacturer’s instructions. Total cell lysates from MLN CD4+ T cells on day 7 post 
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infection were obtained using lysis buffer (#9803, Cell Signaling, Danvers, MA) per 

manufacturer’s instruction. Protein was quantified using a Bradford assay (Bio-Rad), read at 

595nm on a spectrophotometer. 30µg of protein was loaded onto Novex NuPage 10% Bis-Tris 

gel, run for 30min at 70V and 1.5h at 100V, and then transferred to a nitrocellulose membrane. 

Blots were probed with Rabbit anti-phospho ERK1/2 (#4377, Cell Signaling), Rabbit anti-

ERK1/2 (#9102, Cell Signaling), Rabbit anti-phospho p65 (#3033, Cell Signaling), Rabbit anti-

p65 (#8242, Cell Signaling), and HRP anti-Beta actin (Sigma-Aldrich). Signal was detected 

using Clarity Western ECL Blotting Substrate (Bio-Rad) and a ChemiDoc MP System (Bio-Rad) 

was used to measure band densitometry. 

1.1.2.11 Sulforaphane administration 

Indicated mice were given daily intraperitoneal (i.p.) injections of 200µg R,S-sulforaphane ([1-

isocyanato-4R(methylsulfinyl)butane], SFN) (LKT Labs, St. Paul, MN) in saline in beginning on 

the day of infection49. 

1.1.2.12 Statistics 

All statistical analyses were performed using Prism6 (GraphPad Software Inc., La Jolla, CA). 

Statistical significance was assessed by two-tailed, unpaired Student’s t test (two groups) or one-

way ANOVA for multiple groups with a Tukey’s post hoc test or Dunnett’s multiple 

comparisons test. Unless otherwise indicated differences are not significant. ****p<0.0001, 

***p<0.001, ** p<0.01, * p<0.05. 

  



 12 

Table 2: Primer and probe list 

Gene Primer/Probe1 
Tbx21 F TCCCATTCCTGTCCTTCA 
Tbx21 R GCTGCCTTCTGCCTTTC 
Gata3 F ACCACGGGAGCCAGGTATG 
Gata3 R CGGAGGGTAAACGGACAGAG 
β2 micro-globulin F TCACTGACCGGCCTGTATGCTATC 
β2 micro-globulin R GTGAGGCGGGTGGAACTGTGT 
Nqo1 F AGGATGGGAGGTACTCGAATC 
Nqo1 R TGCTAGAGATGACTCGGAAGG 
Sod1 F AACCAGTTGTGTTGTCAGGAC 
Sod1 R CCACCATGTTTCTTAGAGTGAGG 
Hmox1 F GATAGAGCGCAACAAGCAGAA 
Hmox1 R CAGTGAGGCCCATACCAGAAG 
γGcl F GGACAAACCCCAACCATCC 
γGcl R GTTGAACTCAGACATCGTTCCT 
Il13 Mm00434204_m1 
Il4 Mm00445259_m1 
Il6 Mm00446190_m1 
Il17a Mm00439618_m1 
Gapdh Mm99999915_g1 
  

                                                
1 Product number for Taqman probes purchased from LifeTech. 
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1.1.3 Results 

MIF deficiency enhances clearance of N. brasiliensis 

Given the increasing appreciation of the importance of innate immune system factors in the 

initiation, amplification, and fine-tuning of TH2 immune responses, we sought to determine if 

MIF played a role in the immune response to N. brasiliensis. WT and MIF-/- C57Bl/6 mice were 

infected with 600 L3 N. brasiliensis larvae. The MIF-/- mice had fewer eggs per gram (EPG) 

feces (Figure 1A, B) and fewer adult worms (L5 stage) in the proximal small intestine at day 7 

post infection (Figure 1C). In contrast, there was no significant difference in the number of L4 

stage worms in the lungs at day 2 in MIF-/- mice (Figure 1D). These data suggests that MIF 

deficiency primarily affects the immune response to N. brasiliensis in the gut. A similar decrease 

in EPG and adults worms was also seen in MIF-/- mice on the Balb/c background (Figure 2A, B). 

Surprisingly, we do not see an increase in proliferation and TH2 cytokine production in the 

Balb/c MIF-/- mice compared to WT (Figure 2C-E), despite the reduction in parasite burden. 

Thus, MIF deficiency leads to enhanced control of N. brasiliensis on both C57Bl/6 and Balb/c 

backgrounds. 
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Figure 1: MIF-/- mice exhibit enhanced clearance of N. brasiliensis infection. 

A. and B. Eggs per gram (EPG) feces were enumerated in WT and MIF-/- mice at day 7 post 

infection (A) and over the course of infection (B). C. Number of adult worms (L5) in the 

proximal small intestine were measured at day 7 post infection. D. On day 2 post infection, the 

lungs were assessed for lung worms (L4). Symbols represent individual mice and data are 

combined from at least three independent experiments with three mice per group. ** p<0.01, 

*p<0.05, unpaired t test. 

  

WT MIF-/-
0

50

100

150

200

E
P

G
 (x

10
3 )

**

5 6 7 8 10
0

50

100

150

Day

E
P

G
 (x

 1
03 )

WT
MIF-/-

**

WT MIF-/-
0

100

200

300

400

A
du

lt 
w

or
m

s 
(L

5)

*

WT MIF-/-
0

50

100

150

Lu
ng

 w
or

m
s 

(L
4)

A. B. 

C. D. 



 15 

 

Figure 2: MIF-/- Balb/c mice have enhanced clearance of N. brasiliensis. 

A. EPG were measured in WT and MIF-/- mice on day 7 post infection. B. In the proximal small 

intestine, adult worms (L5) were enumerated on day 7 after infection. C. 1.25 x 105 MLN 

cells/mL were seeding in anti-CD3ε coated plates with anti-CD28 in the media. Proliferation was 

assessed by [3H]-thymidine incorporation after 72h. D. Expression of Il4 and Il13 were assessed 

in MLN on day 7 after infection. D. IL-13 was measured in MLN culture supernatants by 
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ELISA. Data is combined from two independent experiments, each with at least three mice per 

group. **** p<0.0001, ** p<0.01, unpaired t test. 
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MIF-/- mice develop a heightened TH2 response 

TH2 responses are critical for clearance of N. brasiliensis; we examined the spleen and 

mesenteric lymph nodes (MLNs, the draining lymph node) for markers of this response. MLNs 

from MIF-/- mice had significantly increased cellularity when compared to WT MLNs (Figure 

3A) and in vitro stimulation with anti-CD3ε/anti-CD28 resulted in significantly more 

proliferation in the MIF-/- cultures, when compared to WT MLN controls (Figure 3B). We 

measured mRNA expression of transcription factors associated with TH1 and TH2 responses 

(Tbx21 and Gata3, respectively) in MLNs isolated from mice on day 7 post infection. MIF-/- 

MLNs from infected mice exhibited a 12 fold increase in expression of Gata3 relative to the 

uninfected controls, compared to only 7 fold increase in MLNs from WT mice. In contrast, there 

was no difference in fold induction of Tbx21 (Figure 3C). We also measured the expression of 

mRNA for the TH2 cytokines, Il4 and Il13, which are integral to the clearance of N. brasiliensis. 

There was no difference in the degree of Il4 induction in the MLNs isolated from WT and MIF-/- 

mice (Figure 3D). However, Il13 induction was enhanced in the MIF-/- mice, compared to the 

WT controls. Next, we measured the production of TH1 and TH2 cytokines (IFNγ and IL-13, 

respectively) in cultured MLNs from infected mice stimulated with anti-CD3ε/anti-CD28. 

Supernatants from the cultured MLNs from MIF-/- mice contained significantly more IL-13 than 

did the WT MLN supernatant (Figure 3E). In contrast IFNγ was unchanged (Figure 3F). Given 

that we see increased IL-13, but not IL-4, we examined MIF-/- and WT mice for ILC2s. We 

found no differences in the percentage of ILC2s in the lungs, pleural lavage, and peritoneal 

lavage on day 7 after infection (Figure 4A). Also, we did not see differences in the percentage of 

mast cells in the peritoneal lavage (Figure 4B). Expression of TH1 and TH2 transcription factors 

and cytokines were not altered in uninfected mice (Figure 4C, D). Further, we did not observe 
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any differences in ionomycin-mediated bone marrow derived mast cell (BMMC) degranulation 

as assessed by Lamp1 (CD107a) surface expression by flow cytometry (Figure 4E). Sections of 

small intestine stained with Periodic Acid Schiff (PAS) demonstrate an increase in PAS+ cells in 

day 7 infected MIF-/- mice compared to WT (Figure 3G), indicating the presence of more mucus 

producing cells. These results indicate that the MIF-/- mice exhibit a heightened TH2 response in 

the draining lymph node and in the gut, which may be responsible for enhanced parasite 

clearance. 

  



 19 

 

Figure 3: MIF deficiency enhances the adaptive TH2 response to N. brasiliensis. 

A. Cells in the MLN were enumerated by trypan blue exclusion on day 7 after infection. B. 1.25 

x 105 MLN cells/mL were seeding in anti-CD3ε coated plates with anti-CD28 in the media. 

Proliferation was assessed by [3H]-thymidine incorporation after 72h. C. Fold change in mRNA 

expression (over uninfected) of transcription factors, Tbx21 and Gata3, was measured in MLN 

cells on day 7 after infection. D. Fold change in Il4 and Il13 mRNA expression was assessed on 

day 7 post infection in MLN cells. E. and F. 5 x 105 cell/mL were cultured with anti-CD3ε/anti-

CD28 stimulation for 96h and IL-13 (E) and IFNγ (F) were measured in the culture supernatant 

by ELISA. G. Sections of the small intestine from day 7 infected WT and MIF-/- mice were 
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stained with Periodic Acid Schiff. Symbols represent individual mice and data is combined from 

at least three independent experiments each with three mice per group. ** p<0.01, * p<0.05, 

unpaired t test. 
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Figure 4: MIF deficiency does not affect ILC2s or mast cell numbers 

A. Lungs, peritoneal lavage cells, pleural lavage were isolated from day 7 infected WT and MIF-

/- mice. Percent of ILC2 (Lineage- CD127+ ST2+) were analyzed by flow cytometry. B. Mast 

cells (CD117+ FcεRIα+) were measured by flow cytometry in the peritoneal lavage from day 7 

infected WT and MIF-/- mice. C. and D. Relative expression of Tbx21 and Gata3 (C) and Il4 and 

Il13 (D) in MLNs from naïve WT and MIF-/- mice. E. Ionomycin-mediated degranulation was 

assessed by surface Lamp1 (CD107a) expression by flow cytometry at indicated concentrations 

in BMMCs from WT and MIF-/- mice.   
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Enhanced TH2 cytokine response of MIF-/- mice to infection with the helminth H. polygyrus 

bakeri 

We also examined the effect of infection with another TH2 helminth H. polygyrus bakeri, which 

unlike N. brasiliensis has its complete life cycle in the gastrointestinal tract and requires a longer 

time frame for clearance45. We found no difference in eggs per gram feces over the course of 

infection with H. polygyrus bakeri (Figure 5A) or the expression of TH1 or TH2 transcription 

factors, Tbx21 or Gata3 in re-stimulated MLN cultures (Figure 5B). However, we did find that 

the expression of Il4 and Il13 were increased in MLN cultures from day 14 infection MIF-/- mice 

compared to WT (Figure 5C). 
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Figure 5: Heightened TH2 response to H. polygyrus bakeri infection in MIF-/- mice. 

WT and MIF-/- mice were inoculated with H. polygyrus bakeri by intragastric administration. A. 

EPG were assessed at indicated days after infection. B. – D. MLNs were isolated from day 14 

infected mice and re-stimulated. mRNA expression of Tbx21 and Gata3 (B) and Il4 and Il13 (C). 
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MIF deficiency does not impact splenic TH2 response or serum antibody production 

Since MIF-/- mice infected with N. brasiliensis exhibited a distinct increase in the TH2 response 

in the MLN, we investigated the adaptive immune responses in the spleen during infection to 

determine if the phenomenon observed in the MLN was present in non-draining secondary 

lymphoid structures. To accomplish this, antibody levels were measured in the serum of N. 

brasiliensis infected mice at various time points post infection. We found no difference in either 

serum IgM or the TH2 associated antibodies, IgE and IgG1 (Figure 6A-C) as a function of MIF 

deficiency. In addition, there were no differences in proliferation and cytokine production in 

cells isolated from the spleen of MIF-/- mice compared to WT. Splenocytes isolated from MIF-/- 

mice at day 7 after infection proliferated to the same extent as than WT and did not produce 

more IL-13 (Figure 7A, B). Moreover, the fold induction of Tbx21, Gata3, Il4, and Il13 mRNA 

in the splenocytes following infection was also similar between WT and MIF-/- mice (data not 

shown). This indicates that the TH2 response was specifically enhanced in the draining LNs of 

MIF-/- mice, and not in the spleen. 

We also examined any intrinsic B cells effects of MIF deficiency by culturing splenic 

B220+ cells with anti-CD40 and IL-4 or LPS and IL-4 for 9 days50. We did not observe any 

differences in proliferation between WT and MIF-/- B cells stimulated with either anti-CD40/IL-4 

or LPS/IL-4 (Figure 8A, B). Interestingly, we found trending lower IgG1 levels in the 

supernatants of MIF-/- B cells, but increased IgE (Figure 8C, D).  
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Figure 6: Serum antibodies are similar between WT and MIF-/- mice after N. brasiliensis 
infection. 

A. – C. Serum was collected at day 7 (A and B) or days 0, 7, and 14 (C) post infection with N. 

brasiliensis. Indicated immunoglobulin was measured by ELISA. Data is combined from at least 

three independent experiments and analyzed by unpaired t test. 
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Figure 7: TH2 response to N. brasiliensis in splenocytes is similar in WT and MIF-/- mice. 

A. 1.25 x 105 cells/mL from the spleen on day 7 post infection were assessed for proliferation by 

[3H]-thymidine incorporation with anti-CD3ε/anti-CD28 stimulation. B. 5 x 105 splenocytes/mL 

from day 7 infected mice were stimulated with anti-CD3ε/anti-CD28 and IL-13 was measured by 

ELISA in the culture supernatant. Data is combined from three independent experiments and 

analyzed by unpaired t test. 
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Figure 8: B cell responses in WT and MIF-/- mice are similar. 

A. and B. Splenic B cells from WT and MIF-/- mice were cultured at indicated seeding amounts 

in cRPMI with anti-CD40 and IL-4 (A) or LPS and IL-4 (B). CPM was assessed by [3H]-

thymidine incorporation. IgG1 (C) and IgE (D) were measured in cell free supernatants from 

cultures (A) by ELISA. *p<0.05 ANOVA with Tukey’s post hoc test. 
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Enhanced control of N. brasiliensis is dependent on loss of MIF in the hematopoietic 

compartment 

To determine if MIF deficiency in the hematopoietic compartment was responsible for the 

phenotype observed in the MIF-/- mice, we irradiated WT mice and reconstituted them with MIF-

/- bone marrow and compared them to irradiated MIF-/- mice reconstituted with WT bone 

marrow. After 6 weeks of reconstitution, mice were infected with N. brasiliensis. On day 8 post 

infection, WT mice reconstituted with MIF-/- bone marrow had reduced eggs in the feces 

compared to MIF-/- mice reconstituted with WT bone marrow (Figure 9A). We confirmed 

reconstitution by performing flow cytometry on the blood, spleen, peritoneal lavage cells, and 

MLN after infection. Successful reconstitution was demonstrated by the presence of CD45.1+ 

cells in the MIF-/- mice reconstituted with WT bone marrow and CD45.2+ cells in WT mice 

reconstituted with MIF-/- bone marrow (Figure 11). This suggests that lack of MIF in 

hematopoietic-derived cells is important for the enhanced clearance of N. brasiliensis. 

Next, we examined the tissues in WT mice for relative Mif message levels before and 

after infection (day 7). While there was a trend toward increased Mif expression in the spleen 

(p=0.07), the only significant induction of Mif expression was observed in the proximal small 

intestine and MLN (Figure 9B). To determine which hematopoietic cell(s) produce MIF in 

response to N. brasiliensis infection, we sorted B, CD4+ T, and dendritic cells from the MLNs. 

Only CD4+ T cells (CD90.2+ CD4+) exhibited an induction of Mif expression on day 7 post 

infection (Figure 9C). Given previous evidence for the role of MIF in macrophages, we also 

measured Mif expression in macrophages from day 7 infected mice, but we found no increase in 

expression (Figure 10).   
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Figure 9: MIF deficiency in the hematopoietic compartment is sufficient for increased 
parasite clearance. 

A. MIF-/- mice reconstituted with WT bone marrow (WT BM + MIF-/-) and WT mice 

reconstituted with MIF-/- bone marrow (MIF-/- BM + WT) were infected with N. brasiliensis and 

EPG was measured at Day 8. B. Tissues from day 7 infected and uninfected mice were flash 

frozen and total RNA was isolated. Mif expression was measured as fold change of infected over 

uninfected. C. B cells (B220+ CD90.2-), dendritic cells (CD90.2- CD11c+), and CD4+ T cells 

(B220- CD90.2+ CD4+) were sorted from day 7 infected and uninfected MLNs. Mif expression 

was measured and fold change was calculated. Data is combined from two independent 

experiments of three mice per group in each experiment. * p<0.05, unpaired t test (A and C), one 

way ANOVA (B). 
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Figure 10: Macrophages do not upregulate MIF after N. brasiliensis infection. 

Expression of Mif in macrophages from naïve and day 7 N. brasiliensis infected (Nb) WT mice. 
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Figure 11: Confirmation of bone marrow reconstitution 

On day 14 after N. brasiliensis infection, WT + MIF-/- BM and MIF-/- + WT BM groups were 

analyzed for bone marrow reconstitution. Blood, MLN, peritoneal lavage cells (PL), and 

splenocytes were analyzed by flow cytometry for CD45.1 and CD45.2.   
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Taken together, our data indicate that lack of MIF in the hematopoietic compartment, 

primarily within CD4+ T cells, correlates with increased Gata3 and IL-13 expression and worm 

expulsion. We sought to prove that MIF-/- CD4+ T cells mediated the effects demonstrated in the 

MIF-/- mice. To this end, we reconstituted Rag1-/- mice, which have no mature B or T cells, with 

WT B cells and either WT or MIF-/- CD4+ T cells. On day 7 after infection with N. brasiliensis, 

non-reconstituted Rag1-/- mice had a severe infection with the helminth. Rag1-/- mice 

reconstituted with WT CD4+ T cells, where able to mount a response to N. brasiliensis as 

demonstrated by fewer EPG compared to the non-reconstituted Rag1-/-. Intriguingly, Rag1-/- mice 

given MIF-/- CD4+ T cells had significantly reduced EPGs compared to the WT control (Figure 

12). These data reinforce the importance of MIF-/- CD4+ T cells in the enhanced TH2 response in 

MIF-/- mice. 
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Figure 12: MIF-/- CD4+ T cells mediate enhanced clearance of N. brasiliensis. 

A. Rag1-/- mice reconstituted with 20 x 106 WT B220+ B cells and 10 x 106 WT (+ WT) or MIF-/- 

(+ MIF-/-) CD4+ T cells or not reconstituted (None) were injected N. brasiliensis. EPG were 

measured on day 7 post infection. Representative data is shown from one of two experiments, n 

= 3 mice per group per experiment. * p<0.05, *** p<0.001, **** p<0.0001, one way ANOVA 

with Tukey’s multiple comparison test. 
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MIF-/- CD4+ T cells exhibit reduced NF-kB signaling and IL-6 production 

Recent literature has demonstrated a regulatory role for IL-6 in TH2 immune responses to the 

intestinal helminth H. polygyrus in that CD4+ T cells from IL-6 deficient mice produced more 

TH2 cytokines51. Since CD4+ T cells had the largest increase in Mif message in response to N. 

brasiliensis infection, we investigated the induction of IL-6 in these cells. CD4+ T cells isolated 

from the MLN from MIF-/- mice had a modest increase (5-fold) in Il6 message expression at day 

7 post infection with N. brasiliensis. In contrast, Il6 message was increased 38-fold in the MLN 

of WT mice (Figure 13A). Additionally, Il17a expression was reduced in the MIF-/- CD4+ T cells 

(Figure 13B), which is consistent with in the impaired IL-17 expression observed in IL-6 

deficient mice after helminth infection51. 

To understand how MIF deficiency could alter IL-6 production, we examined the 

pathways on which MIF is known to act. MIF activates mitogen-activated protein kinase 

(MAPK) pathways27. To determine if this pathway was involved in the reduction of IL-6 

expression, phosphorylation of ERK1/2 in MIF-/- MLN CD4+ T cells on day 7 after infection was 

measured by western blot. No difference in ERK1/2 phosphorylation between WT and MIF-/- 

was observed (Figure 13C, D). MIF is also known to act through canonical NF-kB pathways by 

increasing signaling through TLR4 and other yet to be determined mechanisms leading to the 

expression of target genes30. On day 7 after infection, significantly less phosphorylation of NF-

kB component, p65, was observed in MIF-/- CD4+ T cells (Figure 13E, F). Since IL-6 is a known 

NF-kB target gene52, these results suggest that the reduced induction of IL-6 in the MIF deficient 

CD4+ T cells may be a consequence of impaired NF-kB activation.  
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Figure 13: Reduced IL-6 expression and NF-kB activation in MIF-/- CD4+ T cells after 
infection. 

A. and B. On day 7 post infection with N. brasiliensis, Il6 (A) and Il17a (B) mRNA expression 

was measured in CD4+ T cells from MLNs. Data are expressed as fold change over uninfected. 

C-F. CD4+ T cells isolated from the MLNs of day 7 infected mice were lysed and immunoblots 

performed for the indicated proteins. C and E. Representative immunoblots D. and F. 
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were normalized to their respective β-actin controls. The ratios of normalized p-ERK1/2 and p-

p65 to normalized total ERK1/2 and p65, respectively, were calculated. Data were combined 

from one experiment of three mice per group (C and D) and from three independent experiments 

each with three mice per group (A, B, E, F). *** p<0.001, * p<0.05, unpaired t test.  
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Administration of MIF tautomerase inhibitor, SFN, enhances clearance of N. brasiliensis 

The cytokine MIF has been characterized as a keto-enol tautomerase23,25. While the precise 

endogenous substrates for this enzymatic activity are unknown, MIF tautomerizes the artificial 

substrates D-dopachrome and phenylpyruvate, providing the means to assay its activity in vitro. 

Sulforaphane (SFN) is a naturally occurring organosulfur compound found in cruciferous 

vegetables like broccoli and brussel sprouts53. SFN covalently modifies the N-terminal proline of 

MIF which functions as the catalytic center for its tautomerase activity31,54,55. Therefore, SFN is a 

potent and irreversible inhibitor of MIF. 

To determine whether the tautomerase activity of MIF is important for its function during 

N. brasiliensis infection, we administered the tautomerase inhibitor SFN to WT mice daily 

beginning on the day of infection. Intriguingly, WT mice treated with SFN had fewer eggs in the 

feces on day 7 of infection relative to the saline controls (Figure 14A) and indeed looked very 

similar to the MIF-/- animals (Figure 1A). The SFN treated group also had fewer adult worms 

(L5) in the proximal small intestine on day 7 post infection (Figure 14B). To exclude any effects 

that SFN may have on the enhanced worm clearance in the MIF-/- mice, we examined SFN 

treatment in MIF-/- mice and observed no effect of SFN on the clearance of N. brasiliensis in the 

absence of MIF (Figure 14C). To exclude effects of SFN functioning through its ability to induce 

antioxidant response element (ARE) dependent gene expression, we measured the expression of 

genes regulated by this transcription factor. We found no significant difference in the expression 

of these genes in the MLNs of naïve and N. brasiliensis infected WT mice with or without SFN 

treatment (Figure 15), though there was a slight trend upwards (p=0.06) for NADPH quinone 

oxidoreductase (Nqo1). We also measured the levels of TH2 cytokines in day 7 infected saline 

and SFN treated mice. In agreement with the EPG data, SFN treated mice had a significant 
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increase in the expression of Il4 and Il13 in the MLNs compared to saline treatment (Figure 14D, 

E). This suggests that the tautomerase activity of MIF is essential for its normal function in the 

immune response to N. brasiliensis. 
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Figure 14: MIF inhibitor and natural product, SFN, promotes clearance of N. brasiliensis 
in WT mice. 

A. and B. WT mice were infected with N. brasiliensis. Saline or 200µg SFN was administered 

intraperitoneally into WT mice daily beginning on the day of infection. EPG were enumerated on 

indicated days (A). On day 7 of infection, adult worms were measured in the proximal small 

intestine (B). C. WT and MIF-/- mice were infected with N. brasiliensis and given either saline or 

200µg SFN daily beginning on the day of infection. EPG was measured on day 7 post infection. 
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D. and E. Fold change of Il4 and Il13 were measured in the MLNs of day 7 infected saline and 

SFN treated WT mice. Data is representative of one experiment of three performed each with 

three mice per group. ** p<0.01, * p<0.05, unpaired t test (A, B, D, E) and one way ANOVA 

with a Dunnett’s multiple comparison test to examine differences from WT + saline group (C). 

  



 41 

 

Figure 15: Expression of genes regulated by antioxidant response element (ARE) signaling 
system. 

MLNs from naïve or day 7 infected WT mice treated with saline or SFN were analyzed for 

expression of genes regulated by the ARE signaling system (NADPH quinone oxidoreductase 

(Nqo1), superoxide dismutase (Sod1), hemeoxygenase1 (Hmox1), and γ-glutamylycysteine lyase 

(γ Gcl)). Data was analyzed by unpaired Student’s t test. 
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1.1.4 Discussion 

MIF has been studied in the context of both the innate and adaptive immune responses in 

many disease models56. T cells were the first identified source of MIF16,17 and have been 

extensively studied. Here we describe the role of MIF and, more specifically, its enzymatic 

tautomerase activity, in the immune response to N. brasiliensis. We have demonstrated that MIF 

deficiency results in decreased induction of IL-6 following infection, correlating with an 

enhanced TH2 response and improved control of the infection in MIF-/- mice. 

During infection with N. brasiliensis, cells isolated from the MLNs of MIF-/- mice 

exhibited increased T cell proliferation in response to TCR stimulation and produced more IL-13 

with a reduction in IFNγ production. While IL-4 induction was not significantly changed, IL-13 

alone is sufficient to enhance the “weep and sweep” response that leads to worm expulsion57. 

This was accompanied by increased expression of the TH2 transcription factor GATA3. In a 

different helminth infection model, Taenia crassiceps40, which also elicits a TH2-like immune 

response58, MIF-/- mice were shown to be more susceptible to the parasite and had a larger 

parasite burden despite enhanced IL-13 production. In cysticercosis, it is thought that nitric oxide 

(NO) from macrophages provides the bulk of protection. Thus in spite of enhanced IL-13 

production, it is possible that MIF-/- mice were susceptible to T. crassiceps because MIF-/- 

macrophages are unable to produce the high levels of TNF and NO necessary for parasite 

clearance40 in this model. Similarly, in Schistosoma japonicum infection, mice given a 

neutralizing anti-MIF IgG exhibited increased worm burden in the liver. This phenotype was also 

attributed to the lack of NO and TNF produced by macrophages59. This suggests that the impact 

of MIF on the immune response to a given parasite will vary as a function of the dominant 

mechanism(s) of worm clearance.  
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Though many cell types express MIF, we found that MIF deficiency in the hematopoietic 

compartment was sufficient to recapitulate the enhanced immunity to N. brasiliensis that we 

found in MIF-/- mice. Examining the expression of MIF in many different tissues and cell types 

indicated that T cells are likely the major source of MIF induced by infection with N. 

brasiliensis. Our Rag1-/- reconstitution data (Figure 12) further support this conclusion. These 

data provide direct evidence that MIF-/- CD4+ T cells confer an advantage in the immune 

response to N. brasiliensis compared to WT. To further investigate the mechanism through 

which MIF influences worm clearance, we examined the impact of MIF deficiency on infection-

induced IL-6. Recently, IL-6 was shown to be detrimental to the TH2 response and immunity to 

the intestinal helminth, H. polygyrus bakeri51. Mice deficient in IL-6 had reduced parasite burden 

and enhanced TH2 response. Without IL-6 during this infection, the T helper response was 

shifted away from TH17 and toward TH2 and regulatory T cells but with less Foxp3, Helios, and 

Gata3 transcription factor expression. MIF has directly or indirectly been shown to influence the 

production of many molecules important in inflammation including, TNF, IFNγ, IL-1B, IL-2, IL-

6, IL-8, MIP219–22, NO18,35, PGE2, COX2
27. MIF deficient macrophages are the most well studied 

and have been demonstrated to produce fewer inflammatory cytokines upon stimulation or 

infection56. In this study, MIF deficiency resulted in less Il6 induction in the MIF-/- CD4 T cells 

(Figure 13A) as well as a decrease in Il17a expression following infection (Figure 13B). In the 

H. polygyrus model, it was posited that, without IL-6, the response shifted away from TH17 and 

towards TH2 and an altered Treg phenotype51. Our results largely support these conclusions, 

though we did not see a corresponding increase in IL-10 expression (data not shown). This is 

likely due to the fact that IL-6 is reduced but not absent in our model as compared to the 

aforementioned IL-6 deficient mice. It may also possibly reflect differences between N. 
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brasiliensis and H. polygyrus bakeri infection models, namely the former is efficiently controlled 

by the TH2 response while the latter establishes a more chronic infection. 

 The tautomerase activity of MIF was first described by Rosengren et al23. Several 

isothiocyanate compounds have been characterized as irreversible inhibitors of this enzymatic 

activity31,54,55, including SFN. While the role of MIF’s enzymatic activity in its biological 

functions remains controversial, several published reports have supported the contention that the 

tautomerase activity is essential for many functions of MIF49. Particularly interesting is the study 

by Simpson et al. in which MIF deficient tumors exhibited reduced growth and impaired ability 

to attract myeloid derived suppressor cells. They were able to demonstrate that the MIF 

tautomerase enzyme was critical for this effect using both an enzymatically inactive point mutant 

of MIF as well as administration of SFN to the mice49. While many MIF inhibitors are 

commercially available, we chose to use the compound SFN because of its status as a natural 

product with a high concentration in cruciferous vegetables53. SFN is also commercially 

available in nutritional supplements, making it an even more attractive potential solution to 

reducing worm burden in patients. It is important to note that, in addition to inhibiting MIF 

enzyme activity, SFN also induces genes associated with cytoprotective responses including the 

genes regulated by Keap1-Nrf2-ARE signaling system60. This system protects against damage by 

oxidant, electrophile, and inflammatory stresses61. However, we did not observe induction of 

ARE dependent genes in our SFN treated mice (Figure 15). In addition, we observed no 

additional impact of SFN on parasite clearance in MIF-/- mice, suggesting that MIF inhibition is 

the predominant target in our model. SFN treatment enhanced TH2 transcription factor and 

cytokine expression in MLNs after N. brasiliensis infection, mirroring the response seen in MIF 
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deficiency. These results are the first to show that blockade of the enzyme activity of MIF is 

sufficient for the enhanced clearance of this helminth infection. 

 Taken together, our results demonstrate that MIF deficiency leads to an enhanced TH2 

immune response against the helminth parasite, N. brasiliensis. While this is not the first 

example of MIF deficiency resulting in an enhanced TH2 response, this study shows that, in a 

pathogen model in which the TH2 response is able to control the infection, MIF deficiency or 

inhibition will further enhance this clearance. This enhancement is due to CD4+ T cells, which 

have the most heightened MIF expression post infection and in our Rag1-/- reconstitution model 

mediated parasite clearance. The data further show that CD4+ T cells from MIF-/- mice have 

reduced Il6 message, potentially due to impaired NF-kB activation. Alternatively, IL-13 has been 

demonstrated to attenuate NF-kB activation as part of the endogenous regulation of acute 

inflammatory responses62. In conjunction with other reports, this suggests a mechanism for the 

increased TH2 response, since IL-6 is known to impede the TH2 response51. Perhaps most 

excitingly, we were able to show that by blocking the tautomerase enzyme activity of MIF with 

the inhibitor SFN we could mimic the response seen in MIF deficient mice with N. brasiliensis 

infection, suggesting that this nutritional supplement would enhance resistance to parasitic 

pathogens in which a TH2 response is responsible for control. 

  



 46 

Chapter 2 Notch1 and ADAM10 on dendritic cells control the development of type 2 

immune responses and IgE production. 

1.2.1 Introduction 

Allergic asthma has become a major disease of the developing world with yearly increases in 

incidence. Worldwide, the number of people with asthma is estimated to grow by 100 million by 

the year 202463. Innate and adaptive immune responses lead to the production of TH2 cytokines, 

IL-4, IL-5, and IL-13, which in turn cause many of the clinical symptoms seen in asthma 

including eosinophil infiltration, mucus overproduction, and airway constriction64. IgE plays a 

role in many, but not all TH2-mediated allergic diseases, and specific control of IgE production 

has not been successful to date. These effectors of disease have been well studied, but precisely 

how these pathways are triggered is less well understood. As dendritic cells (DCs) are the most 

potent activators of adaptive immune responses, including TH2 immunity, we aimed to 

understand the role of DCs in the development of allergic responses. 

ADAM10 

A disintegrin and metalloproteinase (ADAM) 10 is a member of a metzincin superfamily of zinc-

dependent metalloproteinases, which also includes a disintegrin and metalloproteinase with 

thrombospondin domain (ADAM-TS) and matrix metalloproteinases (MMPs). ADAM family 

members are unique as they are active while membrane bound and have several conserved 

domains: prodomain, metalloproteinase, c-shaped cysteine-rich, transmembrane, and 

cytoplasmic tail. ADAMs cleave type I and II transmembrane proteins, which releases the 

extracellular domain in the soluble space. This is the process that mediates ectodomain shedding 

and regulated intramembrane proteolysis (RIP). These cleavage events lead to several different 

events: receptor downregulation, release of receptors leading to paracrine and autocrine signals, 
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and the release of soluble mediators. Many receptors undergo RIP constitutively but ligand-

induced RIP is also common65,66. 

The ADAM family of proteins has approximately 40 members in mammals. Mice have 

27 different ADAMs, and humans have 2267. ADAM10 was originally characterized in 

Drosophila melanogaster and was named Kuzbanian (Kuz). Kuz-deficiency in Drosophila led to 

several peripheral and central nervous system (CNS) defects68. After cloning the Kuz gene, it 

was found to be similar to bovine metalloproteinase (BMP). Through this comparison, the α-

secretase activity of Kuz was discovered, which lead to it being heavily studied in the cleaving of 

amyloid precursor protein and in Alzheimer’s disease68. Kuz was determined to be critical for the 

RIP of Notch receptors, and thus the neurological defects observed in Kuz-deficiency were due 

to lack of Notch signaling69. 

ADAM10-deficient murine embryos only survive until E9.5 due to severe cardiovascular 

and CNS defects. It was observed that these development effects of ADAM10 deficiency were 

similar to the Notch knockout embryos. Controversy as to which ADAM, 10 or 17, was 

responsible for Notch S2 cleavage existed until ADAM10 and ADAM17 deficient embryos were 

examined. Only the ADAM10KOs resembled the Notch knockout embryo, lending further 

support that ADAM10 was the primary sheddase and not ADAM1770–74. Knockout murine 

embryonic fibroblasts (MEFs) helped further elucidate that ADAM10 mediated ligand-induced 

cleavage, whereas several other proteases could shed in a ligand-independent manner75–77. Given 

its important role in cell-cell and cell-matrix interactions, ADAM10 has been studied in many 

physiological and disease processes including neuron homeostasis and development, 

Alzheimer’s disease, and allergy78,79. 
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Notch signaling 

Ligands for ADAMs include growth factors and cytokines as well as their receptors, including 

Notch receptors. Notch receptors 1 – 4 and the Notch ligands delta like ligand (Dll) 1 – 4 and 

Jagged 1 and 2 are all substrates for ADAM1074,80. Upon Notch receptor–ligand engagement a 

conformational shift occurs revealing the S2 cleavage site for ADAMs. This step is required for 

the next cleavage by γ-secretase, releasing the Notch-intracellular domain (N-ICD), which 

translocates to the nucleus and with binding partners initiates transcription of Notch target 

genes81. ADAM10 is required for the cleavage of Notch as is evident in the global ADAM10 

knockout, which displays typical loss of function Notch defects75. Within the immune system, 

lack of ADAM10 in T cells results in no T cell development82. We have examined the effects of 

ADAM10 deletion in B cells, which leads to inhibition of humoral immunity50,83 and absence of 

marginal zone B cells84. Prior to this study, the role of ADAM10 in DCs has not been explored. 

Dendritic cells 

DCs are specialized immune cells, which initiate adaptive immune responses by processing and 

presenting antigen to T cells. DCs take up antigen in the periphery and when they receive 

appropriate signals travel to the draining lymph node. Conventional DCs (cDCs) are separated 

into two subsets: IRF8-dependent cDC1s and IRF4-dependent cDC2s. cDC1s cross present 

antigen to CD8+ T cells and cDC2s stimulate CD4+ T cell responses85. In the T cell zone, cDC2s 

interact with T cells via peptide loaded MHCII. Upon cognate T cell engagement, the DC directs 

priming of the T cells through costimulatory molecules and DC-derived cytokines85. 

In model antigen (ovalbumin (OVA) and aeroallergen (house dust mite (HDM)) models 

of allergic airway inflammation in mice, DCs have been extensively studied as initiators of TH2 

immunity. Specific cytokine milieus generated by DCs are important for initiating TH2 
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responses, particularly expression of IL-6 and lack of IL-12p70. Recently, the transcription 

factor KLF4 has also been shown to be important for TH2 immunity86. Further, certain 

costimulatory molecules, OX40L, CD86, PDL2, and cell surface proteins, CD301b (MGL2), 

Jagged 1, and Jagged 2, on DCs also influence the priming of T cells toward TH287. 

Here we show new evidence for the role of Notch signaling in DCs for the development 

of TH2 immune responses in murine allergic airway inflammation and IgE production. The loss 

of antigen-specific IgE in the ADAM10 deficient DC (ADAM10DC-/-) mouse protected against 

anaphylaxis in an ovalbumin model. We were able to recover IgE production and anaphylaxis in 

the ADAM10DC-/- mice by expressing the Notch1-intracellular domain (N1-ICD). The phenotype 

of mice in which Notch1 was deleted from DCs suggested that Notch1 expression was 

particularly critical. Deletion of ADAM10 on DCs led to changes in the costimulatory molecule 

OX40L and cytokine IL-6, both of which are critical for the generation of TH2 responses. 

Overall, we demonstrate the importance of the expression of ADAM10 on DCs for TH2 

immunity and IgE production. 

 

1.2.2 Materials and Methods 

1.2.2.1 Mice 

All animal experiments were performed with the approval of the Virginia Commonwealth 

University Institutional Animal Care and Use Committee. Mice were maintained in the Virginia 

Commonwealth University animal facility in accordance with guidelines for the humane 

treatment of laboratory animals set forth by the National Institutes of Health and the American 

Association for the Accreditation of Laboratory Animal Care. C57Bl/6 ADAM10flox mice were 

generated as previously described84 and were bred to B6.Cg-Tg(Itgax-cre)1-1Reiz/J (CD11c-cre, 
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Stock No. 008068) to generate ADAM10DC-/- mice. Notch1flox (Stock No. 006951) and Notch2flox 

(Stock No. 010525) were bred to the CD11c-cre mouse (all from The Jackson Laboratory, Bar 

Harbor, ME). N1-ICD Gt(ROSA)26Sortm1(Notch1)Dam/J (Stock No. 8159) was purchased from 

Jackson lab and bred to ADAM10DC-/- mice to generate ADAM10DC-/- N1-ICD+. 4C13RTg mice, 

which express AmCyan and DsRed with the expression of IL-4 and IL-13, respectively were a 

kind gift from Dr. Xi Chen at NIH/NIAID. The 4C13RTg mice were bred to OT-II mice to 

generate 4C13R-OT-II mice. All mice were on the C57Bl/6 background, and healthy male and 

female 6-12 week old mice were used for experiments. Table 3 lists genotyping primers used to 

identify mice. 
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Table 3: Genotyping Primers 

Mouse 
Colony 

 Primer Name Sequence (5’ – 3’) 

ADAM10DC-/- Flox and 
WT 

Intron9 CAGTGTAAATGTGAACTCACCC 
Exon9 CGTATCTCAAAACTACCCTCCC 

YFP oMIR316 GGAGCGGGAGAAATGGATATG 
oMIR883 AAAGTCGCTCTGAGTTGTTAT 
oMIR4982 AAGACCGCGAAGAGTTTGTC 

Notch1DC-/- Flox and 
WT 

oMIR6748 TGCCCTTTCCTTAAAAGTGG 
oMIR6749 GCCTACTCCGACACCCAATA 

Notch2DC-/- Flox and 
WT 

10084 TAGGAAGCAGCTCAGCTCACAG 
10085 ATAACGCTAAACGTGCACTGGAG 

N1-ICD WT 21306 CTGGCTTCTGAGGACCG 
21309 AATCTGTGGGAAGTCTTGTCC 
21310*FAM/BHQ3 TAACCTGGTGTGTGGGCGTTGT 

Mutant 21306 CTGGCTTCTGAGGACCG 
21307 CGAAGAGTTTGTCCTCAACCG 
21308*FAM/BHQ3 ACCCTGGACTACTGCGCCC 

4C13R DsRed DsRedEXINTSEQ 5’ GCTCCAAGGTGTACGTGAAG 
DsRedEXINTSEQ 3’ GCTTGGAGTCCACGTAGTAG 

β-actin ms β-actin F AGAGGGAAATCGTGCGTGAC 
ms β-actin R CAATAGTGATGACCTGGCCGT 

OT-II Transgene oMIR1880 AAAGGGAGAAAAAGCTCTCC 
oMIR1881 ACACAGCAGGTTCTGGGTTC 

Internal 
positive 
control 

oMIR7338 CTAGGCCACAGAATTGAAAGATCT 
oMIR7339 GTAGGTGGAAATTCTAGCATCATCC 

CD11c-Cre Transgene oMIR7841 ACTTGGCAGCTGTCTCCAAG 
oMIR7842 GCGAACATCTTCAGGTTCTG 

Internal 
positive 
control 

oMIR8744 CAAATGTTGCTTGTCTGGTG 
oMIR8745 GTCAGTCGAGTGCACAGTTT 
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1.2.2.2 NP-KLH immunization 

10µg 4-hydroxy-3-nitrophenylacetyl hapten conjugated to keyhole limpet hemocyanin (NP31-

KLH, Biosearch Technologies) was emulsified in 4mg alum (Imject, Sigma) and injected i.p. 

into mice. At days 7, 14, and 21 mice were bled by tail vein nick and serum was isolated. NP4- 

and NP25-BSA (15 µg/mL Biosearch Technologies) were used to coat ELISA plates in PBS for 

high and low affinity NP-specific IgG1 and IgG2a50. On day 21, mice were injected with 10µg 

NP31-KLH and alum as above for recall antibody responses. For footpad injections, 10µg NP31-

KLH emulsified in 4mg alum was injected into the footpad of mice and after 7 or 14 days, 

popliteal lymph nodes were isolated and analyzed by flow cytometry for germinal center B cells 

(BUV395 anti-mouse CD45R/B220 (clone RA3-6B2), PE anti-mouse CD95 (clone SA367H8), 

and APC anti-GL7 (clone GL7)) and T follicular helper (TFH) cells (FITC anti-mouse CD4 

(clone GK1.5), BV421 anti-mouse PD-1 (clone 29F.1A12), Biotin anti-mouse CXCR5 (clone 

L138D7), and PE-Cy7 Streptavidin) (all from Biolegend). 

1.2.2.3 HDM model 

Mice were immunized to HDM extract (Stallergenes Greer, Lenoir, NC) as previously 

described88. Briefly, mice were anesthetized with 3.5% isoflurane in O2 and 15µg HDM extract 

in saline was i.n. administered. Injections were repeated daily for five days, followed by two rest 

days, and then five days. 24h after the last i.n. injection, mice were deeply anesthetized with 

ketamine and xylazine (100mg/kg and 10mg/kg, respectively) intraperitoneal (i.p.) injection and 

subjected to forced oscillations using the Flexivent apparatus (Scireq Inc., Montreal, Canada). 

Mice were given increased doses of methacholine (0, 2.5, 5, 10, 12.5, 25, 50, and 100mg/mL) 

through a nebulizer attachment and maximum resistance was calculated. Bronchoalveolar lavage 

fluid (BALF) was collected, stained for eosinophils (B220- CD3- MHCII- CCR3+), macrophages 
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(B220- CD3- MHCII+ CD11b+), neutrophils (B220- CD3- MHCII- CCR3-), lymphocytes (B220+ 

and/or CD3+) with APC anti-mouse CD45R/B220 (clone RA3-6B2), APC anti-mouse CD3 

(clone 17A2), BV421 anti-mouse I-A/I-E (clone M5/114.15.2), PE anti-mouse CCR3 (clone 

J073E5) and PE-Cy7 anti-mouse/human CD11b (clone M1/70), and collected on a BD 

LSRFortessa X-20 flow cytometer with Diva8 (BD Biosciences). FCS files were analyzed using 

FlowJo software (FlowJo, LLC, Ashland, OR). Lung lobes were snap frozen in liquid N2 for 

RNA isolation or fixed in 10% formalin for hematoxylin and eosin staining. Serum was collected 

for total IgG1 and IgE and HDM-specific IgG1 ELISAs as described previously89. 

1.2.2.4 qPCR 

RNA was isolated using TRIzol Reagent (LifeTech) according to manufacturer’s instructions. 

RNA was reverse transcribed into cDNA using SuperScript IV and oligo dTs (LifeTech). qPCR 

reactions were run using Taqman probes and gene expression master mix (Applied Biotech) or 

primers (LifeTech) and PowerUp SYBR green master mix (LifeTech) on a QuantStudio3 system 

(LifeTech). Primers and probes are listed in Table 4. 

1.2.2.5 Active systemic anaphylaxis (ASA) 

Mice were immunized with 100µg ovalbumin (OVA), 10µg pertussis toxin, and 10mg/ml 

AlK(SO4)2 12H2O in saline90. Three weeks later mice were bled by tail vein nick and total and 

OVA-specific IgG1 and total IgE were measured in the serum. OVA-specific IgE was measured 

by coating Immunolon 4HBX plates (Thermo Scientific) with rat anti-mouse IgE (clone R1E4) 

in borate buffered saline and blocking with SuperBlock (ThermoFisher). After samples were 

added, OVA conjugated to biotin and dinitrophenol (DNP-X-Biocytin-X, SE kit Thermo Fisher) 

followed by streptavidin-alkaline phosphatase were added to wells. The ELISA was developed 

using phosphatase substrate (Sigma) and reading the absorbance at 405nm and 650nm. IgE anti-
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DNP was used for the standard curve. On day 25 after immunization, mice were challenged with 

500µg of OVA and core body temperature was measured. Anaphylaxis was determined if mice 

had more than 5°C temperature drop. Passive systemic anaphylaxis was conducted as previously 

described91. 

1.2.2.6 Alternaria alternata model 

50µg Alternaria alternata extract was administered i.n. to mice on days 0 and 1. On days 14 – 

16, mice were injected with 25µg A. alternata extract i.n. 24h after the last administration, mice 

were euthanized and BALF was collected92. Eosinophils and neutrophils (B220- CD3- MHCII- 

CCR3-) were analyzed in the BALF by flow cytometry. Mediastinal lymph nodes (medLNs) 

were harvested and teased apart to obtain a single cell suspension, which was re-stimulated with 

plate bound anti-CD3ε (1µg/mL, clone 145-2C11, Biolegend) and monensin (Biolegend) for 4h. 

PE-Cy7 anti-mouse IL-13 (clone eBio13A, eBioscience), AlexaFluor647 anti-mouse IFNγ (clone 

XMG1.2, Biolegend), BV650 anti-mouse IL-17A (clone TC11-18H10.1, BD Biosciences), and 

BV421 anti-mouse CD4 (clone GK1.5, Biolegend) were used to assess intracellular cytokine 

production. Serum IgG1, IgE, and IgG2b were measured by ELISA. 

1.2.2.7 Antigen presentation 

For in vitro antigen presentation, 1 x 104 sorted CD24+ or CD172+ BMDCs were incubated with 

0, 1, 10, or 50µg of OVA for 2h in 96h. CD4+ OT-II T cells were isolated by magnetic bead 

selection with L3T4 beads (Miltenyi Biotec) and labeled with Tag-It Violet Proliferation and 

Cell Tracking Dye (Biolegend). 1 x 105 labeled OT-II were co-cultured with the OVA-loaded 

BMDCs for 72h after which dilution of the proliferation dye was analyzed by flow cytometry. 

Percent divided was calculated by dividing the number of cells that had divided at least once by 
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the total number of cells. For intracellular cytokine expression, monensin (Biolegend) was added 

4h before staining. 

For in vivo antigen presentation, 5x106 labeled CD4+ OT-II T cells were intravenously (i.v.) 

injected into mice. 24h later 25µg OVA and 10µg HDM extract were administered i.n. to mice. 

72h later medLN were harvested and analyzed by flow cytometry. For IL-4/IL-13 detection, 

CD4+ T cells isolated from 4C13R-OT-II mice and labeled with carboxyfluorescein succinimidyl 

ester (CFSE, Biolegend) were used in the in vivo antigen presentation assay described above. 

AmCyan and DsRed on CD4+ T cells in the medLN were analyzed by flow cytometry as a 

measure of IL-4 and IL-13 expression. 

1.2.2.8 BMDC Cultures 

Bone marrow was isolated from mice, and erythrocytes were lysed using ACK Lysis Buffer 

(Quality Biological Inc.). Cells were cultured at 2 x 106 cell/mL with 160ng/mL Flt3L 

(Peprotech) for 6-8 days. After culture, cells were Fc blocked with anti-mouse CD16/32 (clone 

93, Biolegend) and stained with PE-anti-mouse CD11c (clone N418), PE-Cy7 anti-mouse I-A/I-

E (MHCII) (clone M5/114.15.2), BV510 anti-mouse CD24 (clone M1/69), and APC anti-mouse 

CD172 (clone P84). CD11c+ MHCII+ CD24- CD172+ BMDCs were sorted on a FACS Aria II. 

1.2.2.9 Anaplasma phagocytophilum infection 

A. phagocytophilum (NCH-1 strain)-infected promyelocytic HL-60 cells (ATCC CCL-224) were 

cultured as previously described93. A. phagocytophilum bacteria were isolated via sonication and 

purified by differential centrifugation as previously described94. 107 A. phagocytophilum 

organisms were injected i.p. and blood was collected by tail vein nick into heparin at indicated 

days. DNA was isolated from 50µl blood using the DNeasy Blood and Tissue kit (Qiagen) 
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according to the manufacturer’s protocol. Primers for A. phagocytophilum 16s DNA and murine 

Actb (β-actin) are listed in Table 4. 

1.2.2.10 Citrobacter rodentium infection 

A nalidixic acid-resistant mutant of strain DBS100 (ATCC 51459) of C. rodentium (1x1010 

CFU) was used to infect mice by oral gavage95. Dose was confirmed by retrospective plating. 

Mice were weighed every three days and killed 12 days after infection. Serum was obtained, and 

total IgG2b antibody was measured by ELISA. Spleens were removed, weighed, and 

homogenized to assess bacterial load. The terminal 5 cm of the colon was excised, fecal pellets 

removed, and weighed. The colon was homogenized in LB medium and C. rodentium load was 

determined by plating on LB agar plates with 50µg/mL nalidixic acid. For colon or spleen 

samples with a colony count of 0 for duplicate plates, colony count value of 0.5 was assigned 

that represents the limit of detection for statistical and graphical purposes. 

1.2.2.11 Antigen uptake 

Antigen uptake was measured in vivo by administering 25µg OVA conjugated to AlexaFluor647 

(OVA-AF647, LifeTech) with 10µg HDM extract i.n. into mice and then isolating medLNs 24h 

later. MedLNs were tweezed apart with forceps to generate a single cell suspension, which was 

stained for cDC1 (CD11c+ MHCII+ CD24+ CD172-) and cDC2 (CD11c+ MHCII+ CD24- 

CD172+). MedLNs were also frozen in OCT media, sectioned, fixed in acetone, and stained with 

FITC anti-mouse CD11c (clone N418) and PE anti-mouse CD45R/B220 (clone RA3-6B2). 

Slides were imaged on a LSM700 confocal and analyzed with Zen Microscopy and Imaging 

Software (Zeiss). 
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1.2.2.12 Chromatin Immunoprecipitation 

BMDCs from WT and ADAM10DC-/- mice were incubated with 100ng/mL LPS (Sigma Aldrich) 

for 18h. BMDCs were then fixed in 1% paraformaldehyde at room temperature for 10 mins. Two 

washes with 0.125M glycine (ice-cold) was added to stop the crosslinking reaction. Cells were 

spun down at 2,000 rpm at 4°C and cells were resuspended in hypotonic cell lysis buffer (5mM 

PIPES pH8.0 85mM KCl 0.5% NP-40) and homogenized by douncing. Crude nuclear prep was 

isolated by centrifuging at 2,000 rpm at 4°C. Nuclear pellet was resuspended in ChIP nuclei lysis 

buffer (50mM Tris pH8.0, 10mM EDTA, 1% SDS) and samples were sonicated using a 

Bioruptor Twin (Diagenode) for 15 cycles of 30 seconds on and off. Sonicated mixture was 

centrifuged at 13,000 rpm at 4°C and supernatant was collected. Supernatants were incubated 

overnight with anti-cleaved Notch1 (#4147, Cell Signaling) and precipitated using ChIP-grade 

protein G magnetic beads (#9006, Cell Signaling). Primers used for Hes1 promoter region are 

found in Table 4. 

1.2.2.13 Statistical Analyses 

All statistical analyses were performed using Prism6 (GraphPad Software Inc., La Jolla, CA). 

Statistical significance was assessed by two-tailed, unpaired Student’s t test (two groups), Mann-

Whitney test, or one-way ANOVA for multiple groups with a Tukey’s post hoc test. Unless 

otherwise indicated differences are not significant. ****p<0.0001, *** p<0.001, ** p<0.01, * 

p<0.05. Samples that were below the limits of detection were assigned a value that the 

represented the lower limit of detection for purposes of analysis. 
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Table 4: Primers and probes 

Gene Probe2/Primer 
Il4 Mm00445259_m1 
Il13 Mm00434204_m1 
Il12a Mm00434169_m1 
Klf4 Mm00516104_m1 
Il6 Mm00446190_m1 
Gapdh Mm99999915_g1 
Ap 16s F TGTAGGCGGTTCGGTAAGTTAAAG 
Ap 16s R GCACTCATCGTTTACAGCGTG 
ms β-actin F AGAGGGAAATCGTGCGTGAC 
ms β-actin R CAATAGTGATGACCTGGCCGT 
pHes1 F CCTAGGGAGAAGGAGCTGGCT 
pHes1 R TGGCCGTCAGGAGCCGGCACC 
  

                                                
2 Product number for Taqman probes purchased from LifeTech. 
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1.2.3 Results 

ADAM10DC-/- mice have reduced high affinity IgG1 and recall responses 

To determine if ADAM10 had a role in DC function, we crossed ADAM10flox/flox mice84 to mice 

expressing Cre recombinase under the CD11c promoter (CD11c-Cre96); thus we generated mice 

in which ADAM10 is absent in CD11c+ cells (ADAM10DC-/- mice). Mice that lack ADAM10 on 

B cells using CD19-Cre have reduced specific antibody production in all classes examined50. To 

reveal if ADAM10 played a similar role in antibody production in the ADAM10DC-/-, 

ADAM10DC-/- and WT mice were immunized with nitrophenol conjugated to keyhole limpet 

hemocyanin (NP31-KLH) in alum. High affinity and total affinity antibody were measured by 

coating with NP4-BSA and NP25-BSA, respectively. At day 21, WT and ADAM10DC-/- mice have 

similar levels of total affinity NP-specific IgG1, but ADAM10DC-/- have significantly less high 

affinity NP-specific IgG1 compared to WT (Figure 16A, B). This difference is further 

exacerbated 5 days after boosting with NP31-KLH in alum, in which ADAM10DC-/- have less 

total and high affinity NP-specific IgG1 (Figure 16A, B). Total IgG1 levels were not 

significantly different at all time points (Figure 16C). Interestingly, these differences are 

restricted to the IgG1 antibody class, as WT and ADAM10DC-/- had no significant difference 

between total and high affinity NP-specific IgG2a (Figure 16D-F). As germinal center (GC) B 

and TFH cells are critical in high affinity antibody responses, we utilized footpad immunization 

with NP31-KLH in alum. In contrast to the reduced numbers of both populations observed in the 

ADAM10B-/- mice, neither were significantly changed50. WT and ADAM10DC-/- had similar 

levels of germinal center B cells (B220+ CD95+ GL-7+) and TFH cells (CD4+ PD-1hi CXCR5hi) in 

draining popliteal lymph nodes (popLNs) 7 (Figure 16G, H) and 14 days after immunization 

(Figure 16I, J). These results demonstrate that despite the generation of germinal centers and TFH 
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cells, ADAM10DC-/- mice have a selective defect in the production of high affinity NP-specific 

IgG1 and recall responses of both total and high affinity NP-specific IgG1 antibody. While 

insufficient antigen-specific IgE was available even in WT mice, alum injection also causes an 

increase in total IgE and as seen in Figure 16K, total IgE levels were lower in the ADAM10DC-/- 

mice. 

 Recent findings from our lab have implicated ADAM10 as the physiological sheddase of 

inducible costimulatory ligand (ICOSL). ADAM17 was also found to cleave ICOSL, but to a 

lesser extent. These results suggest that when ADAM10 is absent and ICOSL cannot be cleaved 

that it causes the downregulation of ICOS on T cells, which prevents them from becoming T 

follicular helper (TFH) cells and leads to antibody defects (submitted for publication). Though in 

the NP-KLH footpad model we did not see differences in TFH levels, we sought to see if ICOSL 

or ICOS levels were altered on DCs or T cells. On all total cDCs and CD11b+ and CD8+ DCs in 

popLNs at days 7 and 14 after NP-KLH footpad immunization we found no significant 

difference in ICOSL surface expression between WT and ADAM10DC-/- mice (Figure 17A-C). 

This was also true for mice that have ADAM10 and ADAM17 deleted from CD11c+ cells 

(ADAM10/17DC-/-). While we did not see differences in GC B cells or TFH levels between 

ADAM10DC-/- and WT mice, we did observe that ADAM10/17DC-/- mice had fewer of both 14 

days after immunization (Figure 17D-G). TFH cells from each genotype displayed similar ICOS 

surface expression (Figure 17H, I). Interestingly, non-TFH cells in general had lower ICOS 

expression than TFH cells and, those from ADAM10/17DC-/- and to a lesser extent ADAM10DC-/- 

mice had less ICOS expression than WT (Figure 17H, J), suggesting that when both ADAMs are 

absent some altered ICOS regulation may occur. This idea is supported by data from treating WT 

bone marrow derived DCs (BMDCs) with an ADAM10 inhibitor and examining ICOSL 
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expression. Only at the two highest concentrations is an increase in ICOSL expression over 

baseline seen (Figure 18). At these concentrations both ADAM10 and ADAM17 are likely 

inhibited. The increase in ICOSL was not seen in BMDCs stimulated with LPS. 
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Figure 16: ADAM10DC-/- mice have reduced high affinity IgG1 and recall responses. 
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Mice were immunized with NP31-KLH in alum and bled on indicated days. NP4-BSA and NP25-

BSA coated ELISAs were used to measure high affinity (A) and total affinity (B) NP-specific 

IgG1 in the serum. Total IgG1 was measured in the serum (C). High affinity (D) and total 

affinity (E) NP-specific IgG2a was also measured as well was total IgG2a (F). GC B cells 

(B220+ CD95+ GL7+) and TFH cells (CD4+ PD-1+ CXCR5+) were analyzed by flow cytometry in 

day 7 (G and H) and day 14 (I and J) draining popliteal LNs (popLN) from NP-KLH footpad 

injections. K. Total IgE was measured in the serum 7 days after boost NP-KLH injection. Data is 

combined from two independent experiments with n = 6 mice per group. Data is presented as 

mean ± SEM. *p<0.05 unpaired Student’s t test. 
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Figure 17: ICOSL and ICOS expression in ADAM10DC-/- and ADAM10/17DC-/- mice. 
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A. Representative histograms of ICOSL expression on cDCs from WT, ADAM10DC-/-, and 

ADAM10/17DC-/- mice on day 14 after NP-KLH footpad immunization. B. and C. ICOSL surface 

expression (mean fluorescence intensity, MFI) on DC subsets in the popLN on day 7 (B) and 

cDCs on day 14 (C) after NP-KLH footpad immunization. D. Representative dot plots for GC B 

cells gated on B220+ cells and summary data for GC B cells in the popLN day 14 after 

immunization (E). F. and G. Representative dot plot and summary data for TFH cells (% of CD4+) 

(as in Figure 16) in popLN from WT, ADAM10DC-/-, and ADAM10/17DC-/- mice day 14 after 

NP-KLH footpad immunization. H. Representative histogram of ICOS expression on TFH and 

non-TFH populations (G) at day 14 after immunization. I. and J. ICOS MFI on TFH and non-TFH 

from popLN in (G). *p<0.05, one –way ANOVA with Tukey’s post hoc test. 
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Figure 18: ADAM10 inhibitor treated BMDCs have increased expression of ICOSL. 

WT BMDCs were cultured with indicated doses of ADAM10 inhibitor ± LPS for 48h. ICOSL 

MFI was assessed by flow cytometry. n = 3 mice, *p<0.05, ****p<0.001, two-way ANOVA 

with Dunnett’s multiple comparison test. 
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ADAM10DC-/- mice have reduced TH2 immune response to house dust mite (HDM) extract 

The effects on IgG1 and total IgE suggest that ADAM10DC-/- mice have a more restricted defect 

in humoral immunity than when ADAM10 is deleted from B cells50. To examine the effects of 

ADAM10 deletion from DCs on the course of a TH2-type immune responses, we administrated 

HDM i.n. in a 14 day model88. We measured airway resistance upon challenge with increasing 

doses of methacholine, which stimulates M3 muscarinic acetylcholine receptors on airway 

smooth muscle cells leading to contraction. We found that compared to WT mice, ADAM10DC-/- 

mice had significantly less airway hyperresponsiveness with maximum resistance not 

significantly different than saline controls (Figure 19A). Further, ADAM10DC-/- had fewer 

eosinophils in the bronchoalveolar lavage fluid (BALF) (Figure 19B) and less Il4 and Il13 

mRNA expression in the lung tissue compared to WT (Figure 19C, D). By H&E staining, 

ADAM10DC-/- lungs had dramatically less inflammatory infiltrate than WT (Figure 19E). Serum 

HDM-specific IgG1 (Figure 19F) and total IgG1 (Figure 19G) were reduced in ADAM10DC-/- 

mice and most strikingly, serum total IgE was almost completely absent (Figure 19H). These 

results indicate that ADAM10DC-/- mice have a diminished TH2 response to HDM, particularly 

with respect to IgE production. 

 We also examined the function of innate cells to recruit eosinophils. Deficiency in this 

function could explain lack of response to HDM. We administered recombinant IL-33 (rIL-33) 

i.n. daily for three days and then assessed eosinophil recruitment into the BALF. IL-33 acts on 

cells containing the IL-33R (ST2), which includes innate lymphoid cells type 2 (ILC2s). In 

response to IL-33, ILC2s release IL-5 leading to eosinophil recruitment. We found equivalent 

eosinophil levels in the BALF between WT and ADAM10DC-/- mice upon rIL-33 administration 
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(Figure 20A). Further we found similar percentage and number of ILC2s in the lungs of WT and 

ADAM10DC-/- mice (Figure 20B, C).  
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Figure 19: ADAM10DC-/- mice have diminished TH2 responses to HDM. 

ADAM10DC-/- and WT mice were subjected to HDM or saline sensitization and challenge. A. 

Airway hyperresponsivness was assessed by nebulizing increasing doses of methacholine and 

measuring resistance. B. Bronchoalveolar lavage fluid (BALF) was harvested and analyzed by 

flow cytometry. C. and D. Il4 and Il13 mRNA expression was measured in lung tissue relative to 

Gapdh. E. Formalin fixed lung sections were stained with H&E. F. – H. HDM-specific IgG1, 

total IgG1, and total IgE were measured in serum by ELISA. Symbols represent individual mice. 

Data is combined from three independent experiments with n = 10 per HDM group and n = 3 per 

saline group. Data is presented as mean ± SEM. ****p<0.0001, ***p<0.001, **p<0.01, 

*p<0.05, ANOVA with Tukey’s post hoc test (A, B), unpaired Student’s t test (C, D, F, G), and 

Mann-Whitney test (H). 
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Figure 20: Innate TH2 responses in ADAM10DC-/- are intact. 

WT and ADAM10DC-/- mice were administered i.n. 0.1µg recombinant IL-33 daily for three days 

and euthanized 24h after the last dose. A. Eosinophils in the BALF were assessed by flow 

cytometry. B. and C. Percentage (B) and cell number (C) of ILC2s (Lin- CD90.2+ ST2+) were 

assessed in the lung by flow cytometry. Data is from one experiment with n = 3 mice per group. 
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ADAM10DC-/- mice are resistant to active systemic anaphylaxis 

House dust mite sensitivity is a significant health issue in human asthma, as well as an 

established TH2 model in mice, the degree to which it is IgE dependent is somewhat 

controversial. In order to examine a model that is highly IgE dependent, we turned to a model of 

active systemic anaphylaxis (ASA) which is exquisitely sensitive for the presence of antigen 

specific IgE. First, we immunized WT and ADAM10DC-/- mice with ovalbumin (OVA) and after 

three weeks measured total and OVA-specific IgG1 and IgE in the serum. On day 25 after 

immunization, the mice were injected i.p. with OVA and core body temperature was measured. 

As expected, WT mice displayed severe temperature drop after challenge indicating anaphylaxis. 

Remarkably, ADAM10DC-/- mice were completely resistant to anaphylaxis, exhibiting little 

temperature change after OVA challenge (Figure 21A). Total and OVA-specific IgG1 levels 

were similar between WT and ADAM10DC-/- (Figure 21B, C). However, ADAM10DC-/- mice had 

significantly less total IgE and almost absent OVA-specific IgE in the serum (Figure 21D, E) 

consistent with the lack of anaphylaxis. To demonstrate that mast cells were functioning properly 

in the ADAM10DC-/- mice, they were subjected to passive systemic anaphylaxis, in which antigen 

specific IgE (IgE anti-DNP) is i.p. injected into mice, and 24h later, the mice are challenged with 

the antigen (DNP-BSA). WT and ADAM10DC-/- mice displayed a similar degree of temperature 

drop after challenge indicating no defect in mast cell function (Figure 21F). 

 To confirm that the phenomenon exhibited by ADAM10DC-/- mice in the ASA model was 

distinct to the low antibody levels found in the ADAM10B-/- mice50, we subjected ADAM10B-/- 

and ADAM10B DC-/- mice to the ASA protocol. Surprisingly, we found that ADAM10B-/- mice 

had severe temperature drop after challenge, similar to WT (Figure 22A). Mice that lacked 

ADAM10 from both B cells and DCs (ADAM10B DC-/-) behaved like ADAM10DC-/- mice and 
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were resistant to anaphylaxis (Figure 22A). Interestingly, ADAM10B-/- had low levels of all 

immunoglobulin examined, but still anaphylaxis whereas the ADAM10B DC-/- also had low 

antibody levels, but did not undergo anaphylaxis like the ADAM10DC-/- mice (Figure 22B-D, 

Figure 21). ADAM10B-/- mice have been previously published to have increased levels of TNF83, 

which may make them more susceptible to anaphylaxis. 
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Figure 21: ADAM10DC-/- mice are resistant to active systemic anaphylaxis.  

WT and ADAM10DC-/- mice were immunized for the ASA protocol and then challenged with 

OVA on day 25 after immunization. A. After challenge, core body temperature was measured. B. 

– E. Mice were bled on day 21 after immunization. OVA-specific and total IgG1 and IgE were 

measured in the serum by ELISA. F. Mice were subjected to passive systemic anaphylaxis. IgE 

anti-DNP was injected i.p. into mice and then 24h later mice were challenged i.p. with DNP-

BSA and core body temperature was measured. Data is from three independent experiments with 

n = 11 mice per group. Data is presented as mean ± SEM. **p<0.01, *p<0.05, unpaired 

Student’s t test.  
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Figure 22: Anaphylaxis in ADAM10B-/- and ADAM10B DC-/- mice. 

A. ADAM10B-/- and ADAM10B DC-/- mice were subjected to the ASA protocol as previously 

described. Historical controls of WT and ADAM10DC-/- included for reference. B. – D. Total and 

OVA-specific IgG1 and total IgE were measured by ELISA in the serum. n = 6 mice per group, 

two independent repeats. *p<0.05, **p<0.01, one-way ANOVA with Tukey’s post hoc test. 
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ADAM10DC-/- mice have intact TH17 response to a fungal aeroallergen and TH1 response to 

intracellular bacteria 

We tested responses to a fungal aeroallergen, Alternaria alternata, which stimulates both TH2 

and TH17 immune responses92,97. After intranasal sensitization and challenge with A. alternata, 

we found that ADAM10DC-/- mice had reduced eosinophils in the BALF compared to WT, 

consistent with the HDM model (Figure 23A). Interestingly, ADAM10DC-/- mice had equivalent 

levels of neutrophils in the BALF to WT (Figure 23B). Further when we re-stimulated T cells 

from the mediastinal lymph nodes (medLN) with plate bound anti-CD3ε and analyzed 

intracellular cytokine production, ADAM10DC-/- mice had fewer CD4+ IL-13+ cells, but similar 

levels of CD4+ IFNγ+ and CD4+ IL-17+ cells to WT (Figure 23C). As with the HDM model, we 

found reduced amount of IgG1 and IgE in the serum of ADAM10DC-/- mice, but we did not see 

any reduction in IgG2b (Figure 23D-F). These data reinforce the selective defect in TH2 

immunity present in ADAM10DC-/- mice. Thus, in two animal models that utilize TH2 and IgE 

responses, ADAM10DC-/- mice exhibit minimal if any response in contrast to WT controls. In the 

A. alternata model, TH2 dependent responses were again reduced, but TH1 and TH17 cytokine 

and antibody responses were similar to WT controls. 
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Figure 23: ADAM10DC-/- mice have impaired TH2, but intact TH17 responses.  

WT and ADAM10DC-/- mice were sensitized and challenged with intranasal administration of A. 

alternata extract. A. and B. BALF eosinophils and neutrophils were analyzed by flow cytometry. 

C. Total medLN cells were stimulated with plate bound anti-CD3ε for 4h with monensin. 

Intracellular cytokine expression in CD4+ T cells was assessed by flow cytometry. 

Representative contour plots and combined results are shown. D. – F. Total IgG1, IgE, and 

IgG2b were measured in the serum by ELISA. Data shown is from two independent experiments 
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with n = 5 mice per group. Data is presented as mean ± SEM. **p<0.01, *p<0.05, unpaired 

Student’s t test.   



 79 

Given the dramatic defect in TH2 responses and IgE production in the ADAM10DC-/- 

mice, but not other antibody classes, we wanted to further examine the development of TH1 and 

TH17 immune responses. For TH1 immunity, we infected ADAM10DC-/- and WT mice with the 

obligate intracellular bacterium Anaplasma phagocytophilum, as CD4+ T cells and IFNγ drive 

the elimination of this pathogen98,99. A. phagocytophilum burden was measured by qPCR for A. 

phagocytophilum 16s DNA relative to mouse β-actin in the blood of WT and ADAM10DC-/- mice 

at indicated days after infection. At all time points, WT and ADAM10DC-/- had equivalent levels 

of A. phagocytophilum and both groups had cleared the infection by day 28 (Figure 24A). We 

then utilized an infection model with the extracellular bacterium Citrobacter rodentium that 

elicits innate lymphocyte type 3 and TH17 responses, which are critical for clearance of the 

bacteria100. ADAM10DC-/- mice exhibited a larger drop in body weight over the course of 

infection compared to WT (Figure 24B). ADAM10DC-/- mice were also more likely to succumb 

to infection with C. rodentium than WT (Figure 24C). Adaptive responses to C. rodentium lead 

to the production of IgG2b antibodies. We found a trend toward less total IgG2b in the 

ADAM10DC-/- mice and similar levels of CR-specific IgG2b (Figure 24D, E). While the overall 

infection level of the bacterium in the colon was not different as measured by colony-forming 

units (CFUs) (Figure 24F), ADAM10DC-/- mice had significantly more disseminated infection as 

determined by CFUs in the spleen (Figure 24G). These data indicate that ADAM10DC-/- mice had 

more substantial breakdown of barrier function in the colon allowing the bacteria to spread 

systemically. 
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Figure 24: Immune responses to A. phagocytophilum and C. rodentium infections. 

A. ADAM10DC-/- and WT were inoculated i.p. with 107 A. phagocytophilum bacteria. Mice were 

bled on days 3, 7, 10, 14, 17, 21, and 28. DNA was isolated and qPCR run with primers for A. 

phagocytophilum 16s DNA and mouse β-actin. Data is from two independent experiments with n 

= 6 mice per group. B. WT and ADAM10DC-/- mice were infected by oral gavage with 1010 CFU 

of C. rodentium suspension. Body weight was measured over the course of infection and 

reported as change from initial body weight. C. Kaplan-Meier survival analysis. D. and E. Total 

and CR-specific IgG2b was measured in the serum by ELISA. F. and G. Colon and spleen were 
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homogenized and bacterial load were determined. Data is from two independent experiments 

with n = 7 mice per group. ***p<0.001, *p<0.05, unpaired Student’s t test. 
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Unimmunized ADAM10DC-/- and WT mice 

When examining ADAM10DC-/- mice in the unimmunized state, we found that they had less IgM 

present in serum, but similar levels of IgG1 and IgG2b (Figure 25A-C). The latter two findings 

would suggest that the antibody differences seen in the other immunizations are not due to basal 

differences in these immunoglobulins. We also found that the ADAM10DC-/- mice were lacking 

marginal zone B cells (B220+ CD23lo/- CD21/35hi IgMhi) (Figure 25D, F), which could explain 

low baseline IgM levels. Marginal zone macrophages were also surrounding B cell areas as 

expected (Figure 25E).  
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Figure 25: Unimmunized WT and ADAM10DC-/-. 

A. – C. IgM, IgG1, and IgG2b levels were measured by ELISA in unimmunized WT and 

ADAM10DC-/-. D. Representative flow diagram with the gating strategy for B cell subsets in the 

spleen. E. Immunofluorescence images of frozen spleen sections using antibodies against IgM 
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(blue), IgD (red), and CD169 (green). F. Percentage of follicular B cells (FO B cells, B220+ 

CD23+ CD21/35int IgMint), pre-marginal zone B cells (PMZBs, B220+ CD23+ CD21/35hi IgMhi), 

marginal zone B cells (MZBs, B220+ CD23lo/- CD21/35hi IgMhi), and transition 1 B cells (T1 B 

cells, B220+ CD23lo/- CD21/35lo IgMhi) in the spleen. G. Adam17 mRNA expression relative to 

Gapdh in BMDCs from WT and ADAM10DC-/- mice. **p<0.01, ***p<0.001. Unpaired Student’s 

t test (A – C, F), ANOVA with Tukey’s post hoc test (E). 
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Role of Notch1 and Notch2 in the immune defects of ADAM10DC-/- mice 

The most well known ADAM10 substrates are Notch receptors78. Notch receptors have been 

studied on DCs, and mice that lack Notch2 on DCs have deficient innate immunity during 

infection with C. rodentium, which results in a similar phenotype to the ADAM10DC-/- mice101. 

ADAM10DC-/- mice have defects in DC populations similar to the Notch2DC-/- mice including 

fewer splenic cDCs and CD172+ESAM+ DCs as well as CD103+ CD11b+ DCs in MLNs96,102 

(Figure 26A-C). However, ADAM10DC-/- did not have differences in number or percentage of 

CD24+ DCs in the spleen as Notch2DC-/- mice or in cDCs subsets in other lymph nodes (Figure 

26C, D). Thus alterations in DC subsets in the ADAM10DC-/- mice were similar, but not identical 

to mice in which DCs lack Notch2.   
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Figure 26: DC subsets in ADAM10DC-/- mice. 

Percent (A) and number (B) of DC subsets in spleens from naïve ADAM10DC-/- and WT mice 

were analyzed by flow cytometry. C. CD103+ CD11b+ DCs in mesenteric lymph nodes were 

assessed by flow cytometry. D. CD11b+ and CD8+ DCs were assessed in mediastinal lymph 

nodes by flow cytometry.  
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To determine if the anaphylaxis phenomenon in the ADAM10DC-/- is due to lack of Notch 

signaling, we subjected Notch2DC-/- mice to the ASA protocol as in Figure 21. Notch2DC-/- 

produced a similar level of temperature drop as the WT controls (Figure 28A). Serum total and 

OVA-specific IgG1 and IgE were also not significantly different than WT control (Figure 28B-

E). We then subjected Notch1DC-/- mice to the ASA protocol. A total of nine mice were utilized 

in the experiment – six of nine had essentially no anaphylaxis while three had similar 

temperature drops as the controls (Figure 28A, B). The combined data is shown in Figure 28F. 

Due to the aforementioned variability, there is not a significant difference in temperature drop 

with the Notch1DC-/- mice compared to WT. Notch1DC-/- had less OVA-specific IgE levels 

compared to WT but had no significant differences in total IgE, total IgG1, and OVA-specific 

IgG1 (Figure 28G-J). To confirm involvement of Notch signaling in the lack of anaphylaxis in 

the ADAM10DC-/- mice, we crossed the ADAM10DC-/- mice to the ROSAN1-ICD mice, which have 

a lox-stop-lox before the Notch1-ICD (N1-ICD) inserted into the ROSA locus. With Cre 

recombinase expression driven by the CD11c promoter, the stop codon is removed allowing for 

expression of the N1-ICD in CD11c+ cells. Thus, we have mice that have DCs deficient in 

ADAM10 with expression of N1-ICD, bypassing the need for ADAM10 to cleave the Notch 

receptor (ADAM10DC-/- N1-ICD+)103. We proceeded with the ASA and observed that after challenge 

with OVA the ADAM10DC-/- N1-ICD+ mice had anaphylaxis similar to WT mice, indicating that 

expression of the N1-ICD restores anaphylaxis in ADAM10DC-/- mice (Figure 27K). Thus, 

overall the data demonstrate the importance of Notch signaling in the anaphylaxis response as 

well as in production of total and OVA-specific IgE as these were at WT levels in ADAM10DC-/- 

N1-ICD+ mice (Figure 27L-O). Particularly antigen specific IgE is lower in the Notch1DC-/- mice, 
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suggesting that for the IgE response Notch1 has more importance than Notch2. High levels of 

N1-ICD clearly restore the anaphylactic response. 

 We also sought to determine if expression of N1-ICD would also restore the response to 

HDM immunization in ADAM10DC-/- mice. As in Figure 19, we administered HDM extract to 

WT, ADAM10DC-/-, and ADAM10DC-/- N1-ICD+ mice and then measured airway resistance in 

response to increasing doses of nebulized methacholine with the Flexivent apparatus. 

ADAM10DC-/- N1-ICD+ and WT resistances appear similar and greater than ADAM10DC-/- mice 

(Figure 29A). We also see restoration of serum IgE levels in ADAM10DC-/- N1-ICD+ back to WT 

levels (Figure 29B) Indicating that in the HDM airway inflammation model, overexpression of 

the N1-ICD can restore the TH2 immune response in ADAM10DC-/- mice.  
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Figure 27: Notch signaling is critical for anaphylaxis responses.  
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Notch2DC-/- (A), Notch1DC-/- (F), and ADAM10DC-/- N1-ICD+ (K) mice were subjected to the active 

systemic anaphylaxis protocol and core body temperature was measured after challenged with 

OVA. OVA-specific and total IgG1 and IgE were measured in the serum of Notch2DC-/- (B–E), 

Notch1DC-/- (G–J), and ADAM10DC-/- N1-ICD+ (L–O) mice on day 21 after immunization. Data are 

from two independent experiments with n = 6-9 mice per group. Data is presented as mean ± 

SEM. *p<0.05, unpaired Student’s t test.  



 91 

 
Figure 28: Notch1DC-/- active systemic anaphylaxis. 

Active systemic anaphylaxis (ASA) in Notch1DC-/- and WT mice. A. 6 of 9 Notch1DC-/- were 

resistant to ASA. B. 3 of 9 Notch1DC-/- mice exhibited temperature drop after challenge similar to 

WT.   
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Figure 29: ADAM10DC-/- N1-ICD+ mice have restored HDM induced IgE in serum. 

WT, ADAM10DC-/-, and ADAM10DC-/- N1-ICD+ mice were subjected to HDM protocol as in Figure 

19. A. Max airway resistance (Rrs) was assessed with increasing doses of methacholine with the 

Flexivent Apparatus. B. Serum IgE was measured by ELISA. Data represents two independent 

experiments with n = 6 mice per group. *p<0.05 one-way ANOVA with Tukey’s post hoc test. 
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ADAM10-deficient DCs exhibited similar antigen uptake and presentation capacities as WT, but 

less stimulation of TH2 cytokine expression in T cells 

To understand how ADAM10 deficient DCs were mediating differences in T helper responses, 

we examined DC functions including antigen uptake, antigen presentation, and stimulation of T 

cell cytokine production. We first studied the ability of lung DCs to take up antigen and migrate 

to the medLN. We administered 25µg OVA conjugated to AlexaFluor647 (OVA-AF647) and 

10µg HDM extract i.n. and 24h later analyzed DCs in the medLN and lungs for OVA-AF647 by 

flow cytometry and by immunofluorescence (IF) on frozen medLN sections. In WT and 

ADAM10DC-/- medLNs and lungs, cDC1s and cDC2s were responsible for the majority of the 

OVA-AF647 positive staining as determined by flow cytometry (Figure 31A). The percentage of 

OVA-AF647 positive cDC2s in the medLN and lungs was similar between WT and ADAM10DC-

/- mice (Figure 31A). OVA-AF647 levels were also similar between WT and ADAM10DC-/- 

cDC1s in the medLN (Figure 31A). The OVA-AF647 (blue) co-localized with CD11c (red) 

immunostaining by IF and was not present in the B cell zone of medLNs from WT and 

ADAM10DC-/- mice (Figure 31B). We also found that adoptively transferred CFSE-labeled CD4+ 

OVA TCR transgenic OT-II T cells (green) were present in the T cell zone (Figure 31B). Thus, 

antigen is being trafficked successfully to the lymph node and is present in the correct area for 

stimulation of CD4+ T cells in ADAM10DC-/- mice. 

We then examined the ability of ADAM10 deficient and WT DCs to present antigen to T 

cells and stimulate T helper cytokines, in vitro and in vivo. We first sorted CD172+ and CD24+ 

DCs from the spleens of naïve WT and ADAM10DC-/- mice and then incubated them with 

increasing doses of OVA protein for 2 hours. We co-cultured antigen loaded DCs with CD4+ 

OT-II T cells, which were labeled with a violet cell tracking and proliferation dye. After three 
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days, co-cultures were analyzed by flow cytometry for dilution of the proliferation dye and 

percent divided was calculated. CD172+ DCs from WT and ADAM10DC-/- stimulated similar 

levels of T cell proliferation at all antigen doses, as did CD24+ DCs but at lower level of division 

(Figure 30A, B) (Figure 31C, D). Additional wells were treated with monensin in the final four 

hours of culture in order to analyze expression and IL-13 by intracellular cytokine flow 

cytometry. We found a trend toward lower levels of IL-13+ in CD4+ OT-II T cells (Figure 31E). 

No difference in T cell proliferation was detected between WT and ADAM10DC-/- CD172+ or 

CD24+ BMDCs and OVA323-339 peptide (Figure 32A, B). We next tested in vivo antigen 

presentation by adoptively transferring violet tracer labeled CD4+ OT-II T cells by i.v. injection 

into WT and ADAM10DC-/- mice followed by i.n. administered 25µg of OVA and 10µg HDM 

extract 24h later. After three days, mice were euthanized and medLN were examined for dilution 

of the proliferation dye. WT and ADAM10DC-/- mice had similar CD4+ OT-II T cell proliferation 

(Figure 30C, D). We tested several OVA/HDM dosing strategies and tested several organs to 

determine the spread of antigen. None of the doses (Figure 33A-B – 10µg OVA/3x10µg HDM, 

C-D – 25µg OVA/3x 10µg HDM, E-H – 25µg OVA/10µg HDM) we examined demonstrated 

differences in the extent of proliferation between WT and ADAM10DC-/- in the medLN (Figure 

33A, C, E). However, we did find differences in the proliferation of the OT-II cells found in the 

spleen. In the lowest OVA dose we surprisingly found a slight increase in the percent divided in 

the ADAM10DC-/- mice compared to WT (Figure 33B). There was no difference at the 25µg 

OVA dose with 3x 10µg HDM, but a slight decrease at 25µg OVA/10µg HDM (Figure 33D, F). 

This proliferation is likely due to escape of antigen from the local environment and how 

meaningful these splenic differences are to the airway phenotype is unclear. We found no 

difference in proliferation in the lungs or MLN of WT and medLN at the dosage we chose to use 
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(25µg OVA/10µg HDM) (Figure 33G, H). We also examined the costimulatory molecule 

expression on CD172+ ESAM+ splenic DCs after each set of OVA/HDM immunization 

protocols. Interestingly, we found increased expression of ICOSL (Figure 34A, D, G) and 

OX40L (Figure 34B, E, H) in ADAM10DC-/- mice in all models. We see a trend toward increase 

expression of CD86 in ADAM10DC-/- in each case (Figure 34C, F, I). The functional relevance of 

the increased expression is yet unknown and warrants further investigation. 

Interestingly, cDC2s in the medLN of ADAM10DC-/- mice expressed less of the 

costimulatory molecule OX40L, which has been associated with TH2 responses (Figure 30E) 

104,105. Expression of CD86 did not differ on these cDC2s as was also true for Notch ligands 

Jagged1 and Jagged2, though expression of these were low for both WT and ADAM10DC-/- mice 

(Figure 31F, G). We crossed OT-II mice to the 4C13R IL-4/IL-13 dual reporter mice, express 

AmCyan and DsRed with IL-4 and IL-13 expression, respectively106. CFSE-labeled 4C13R OT-

II CD4+ T cells were transferred into WT and ADAM10DC-/- mice followed 24h later with 

intranasal administration of OVA and HDM extract as above. Three days later, 4C13R OT-II T 

cells in the medLN were examined for expression of IL-4 and IL-13 by flow cytometry. While 

IL-4 levels were too low for accurate measurement, ADAM10DC-/- mice had dramatically fewer 

CD4+ IL-13+ T cells in the medLN than WT mice (Figure 30F-H). Overall these data suggest that 

though ADAM10-deficient DCs are able to stimulate antigen-specific T cell proliferation similar 

to WT DCs, they are not able to stimulate CD4+ T cells to make the TH2 cytokine, IL-13.  
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Figure 30: ADAM10-deficient DCs have intact antigen presentation, but stimulate fewer 
TH2 cells.  

A. CD172+ BMDCs were sorted from ADAM10DC-/- and WT mice and incubated with indicated 

quantity of OVA protein. 1x105 violet cell tracer labeled CD4+ OT-II T cells were co-cultured 

with 1 x 104 OVA-loaded DCs for 72h. Co-cultures were analyzed by flow cytometry for 

dilution of the tracer dye and percent divided was calculated. Representative histogram is shown 

for ADAM10DC-/- (solid black) and WT (filled gray) mice. B. Combined data from A. 

representing three independent experiments with n = 5 mice per group. C. 5x106 violet cell tracer 

labeled CD4+ OT-II T cells were i.v. injected into WT (upper panel) and ADAM10DC-/- (lower 

panel) mice and 24h later 25µg OVA and 10µg HDM were administered i.n. After 72h medLN 

were harvested and dilution of the dye was analyzed by flow cytometry and shown in a 

representative histogram. D. Combined data from three independent experiments with n = 9 mice 
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per group. E. OX40L expression on CD172+ DCs (cDC2s) in the medLN was examined by flow 

cytometry and shown as percent OX40L+. F. 5 x 106 CFSE-labeled CD4+ OT-II T cells were i.v. 

injected into WT and ADAM10DC-/- mice, followed by OVA/HDM (as in C). After 72h, medLNs 

were harvested and percent (G) and number (H) of CFSE+ CD4+ IL-13+ was assessed by flow 

cytometry. Data is from two independent experiments with n = 6 mice per group. Data is 

presented as mean ± SEM. *p<0.05, unpaired Student’s t test. 
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Figure 31: Antigen uptake and presentation is unchanged in ADAM10DC-/- mice. 

A. 25µg OVA-AF647 and 10µg HDM were administered i.n. to WT and ADAM10DC-/- mice. 

MedLNs (left) and lungs (right) were analyzed 24h later by flow cytometry. B. 

Immunofluorescence images of medLN from mice that were given CFSE-labeled OT-II followed 

by OVA-AF647 and HDM. C. Violet tracer labeled CD4+ OT-II T cells were co-cultured with 
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OVA-loaded CD24+ DCs. D. Percent divided was analyzed after 72h of culture. E. OT-II T cells 

co-cultured with OVA-loaded CD172+ DCs were analyzed for intracellular IL-13 expression. F.-

H. CD86, Jagged1, and Jagged2 expression was assessed on CD172+ DCs in the medLN 72h 

after OVA and HDM administration i.n.  
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Figure 32: Antigen presentation with OVA peptide. 

WT and ADAM10DC-/- BMDCs (CD172+ (A) and CD24+ (B)) were incubated with indicated 

concentrations of OVA323-339 peptide and then co-cultured with violet tracer labeled CD4+ OT-II 

T cells for 72h. Dilution of the proliferation dye was assessed by flow cytometry, and percent 

divided was calculated. 
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Figure 33: OVA/HDM immunization scheme. 

Mice were immunized as in Figure 30C and D except that 10µg OVA/3x 10µg HDM (A, B), 

25µg OVA/3x 10µg HDM (C, D), and 25µg OVA/10µg HDM (E-H) were used. Mice were 

euthanized 72h after last dose and medLN (A, C, E), spleen (B, D, F), lung (G), and MLN (H) 

were examined by flow cytometry for dilution of the proliferation dye. Symbols indicate 

individual mice. *p<0.05, unpaired Student’s t test. 
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Figure 34: Costimulatory molecule expression on splenic DCs after OVA/HDM i.n. 

Mice were immunized as in Figure 33 in which A-C received 10µg OVA/3x 10µg HDM, D-F 

received 25µg OVA/3x 10µg HDM, and G-I received 25µg OVA/10µg HDM. 72h after the last 

dose, expression of indicated costimulatory molecules on CD172+ ESAM+ splenic DCs was 

assessed by flow cytometry. **p<0.01, *p<0.05 unpaired Student’s t test. 
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ADAM10DC-/- DCs have reduced Klf4 and Il6 expression 

Several DC-produced cytokines and transcription factors have been implicated in skewing T 

helper responses toward TH2. Lack of IL-12 and high IL-6 expression have been cited as 

promoting TH2 cell development87. We examined the expression of IL-12 and found no 

difference between WT and ADAM10 deficient bone marrow derived DCs (BMDCs) (Figure 

35A). A recent report has identified Kruppel like factor 4 (Klf4) as being critical for conventional 

DCs to stimulate TH2 responses86. We examined the expression of Klf4 in BMDCs from WT and 

ADAM10DC-/- mice. We found that CD172+ DCs deficient in ADAM10 expressed less Klf4 than 

WT (Figure 35B). A potential target of KLF4 is Il6, a cytokine important for both TH2 and TH17 

immune responses107. We also found a dramatic reduction in Il6 mRNA expression in 

ADAM10DC-/- CD172+ BMDCs compared to WT (Figure 35C). While both of these factors are 

vital for TH2 immunity, only Il6 expression was restored in ADAM10 deficient CD172+ BMDCs 

when Notch signaling was recovered (ADAM10DC-/-N1-ICD+) (Figure 35C). As a control, we also 

examined the expression of the Notch target gene Hes1 and indeed found that ADAM10DC-/- 

BMDCs had less expression of Hes1 than WT (Figure 36A). Hes1 expression is additionally 

recovered with constitutive N1-ICD expression (Figure 36A). We also analyzed ADAM10 

deficient and WT CD172+ BMDCs for the presence of cleaved Notch1 by western blot. 

ADAM10DC-/- BMDCs had less cleaved Notch1 than WT BMDCs (Figure 35D), indicating less 

activation of Notch1. We found less binding of N1-ICD to the Hes1 promoter by ChIP (Figure 

36B). These findings further underscore the importance in Notch signaling in the ability of DCs 

to stimulate TH2 responses. 
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Figure 35: N1-ICD expression restores DC Il6, but not Klf4 message levels.  

CD172+ BMDCs were sorted from WT, ADAM10DC-/-, and ADAM10DC-/- N1-ICD+ mice. A. 

mRNA expression of Il12 (A), Klf4 (B), and Il6 (C) relative to Gapdh was measured by qPCR. 

Data shown is from three independent experiments with n = 5 mice per group. Data is presented 

as mean ± SEM. D. WT and ADAM10DC-/- CD172+ BMDCs were examined by western blot for 

cleaved Notch1 and β-actin. Data shown is representative of two experiment with n = 5 mice per 

group. **p<0.01, *p<0.05, ANOVA with Tukey’s post hoc test. 
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Figure 36: Notch target gene expression. 

A. Hes1 expression relative to Gapdh in BMDCs from WT, ADAM10DC-/-, and ADAM10DC-/- N1-

ICD+ mice. B. ChIP with anti-N1-ICD and PCR for the presence of Hes1 in WT and ADAM10DC-

/- BMDCs.  
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1.2.4 Discussion 

The role of DCs in the initiation of TH2 immune responses has been well studied, but the 

function of ADAM10 on DCs has not yet been investigated. Here we demonstrate that deletion 

of ADAM10 from DCs results in diminished TH2/IgE-mediated pathology using several TH2 

models. HDM sensitivity was reduced to essentially the saline control when lung resistance was 

measured. While eosinophil levels were not at control levels, there was clear, significant 

reduction of eosinophils in the BALF (Figure 19B). HDM is an important aeroallergen in 

humans. Eosinophil increases are commonly seen in human patients, however treatment with 

anti-IL-5 has revealed that many do not achieve reductions in clinical symptoms by blocking this 

cellular infiltration108. Nevertheless reduction in lung resistance parameters is clearly important 

in all asthma scenarios. There is some controversy whether HDM-sensitized asthma is always 

IgE-mediated, but the relevance of TH2 immunity is unquestioned109. To that end our 

demonstration of a reduction in TH2 cytokines in the lungs supports this conclusion (Figure 19C, 

D). A TH2 selective defect is further supported by our results using NP31-KLH immunization and 

A. alternata (Figure 23). In the NP-KLH studies we found less high affinity NP-specific IgG1, 

but no differences in other isotypes (Figure 16). This is most pronounced in the recall response. 

The A. alternata model causes a strong increase in eosinophils and neutrophils92, as well as the 

induction of both TH2 and TH17 associated cytokines. We showed fewer eosinophils and IL-13+ 

CD4+ T cells, both TH2 specific indicators (Figure 23A, C). IgE production was also dramatically 

reduced (Figure 23E). Few IL-17 or IFNγ positive cells were seen in the A. alternata model we 

used, but this was similar between WT and ADAM10DC-/- mice (Figure 23C). This result is in 

contrast to the infection with C. rodentium, in which ADAM10DC-/- mice exhibited impaired 

immunity. Decreased body weight, survival, and trending less total IgG2b levels were seen, as 
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well as increased bacterial load in the spleen, indicating loss of barrier function (Figure 24B-G). 

Interestingly, C. rodentium-specific IgG2b was not different. Notch2 is a known target of 

ADAM10 protease activity and this connection is evident in that others have shown that 

Notch2DC-/- mice have compromised immunity to this infection101. Interestingly, Notch2DC-/- mice 

are even more severely affected infection as Notch2 controlled the development of the DC subset 

in the intestine (CD103+ CD11b+), which produces the IL-23 necessary for early, innate 

protection against the bacterium. Loss of early defenses may increase the likelihood of epithelial 

breakdown and increased disseminated disease in both Notch2DC-/- and ADAM10DC-/- mice. 

ADAM10DC-/- mice have some reduction in this DC subset, as well as some others seen in the 

Notch2DC-/-, such as the CD172+ ESAM+ subset in the spleen (Figure 26A-C). This difference 

may explain the disparity in survival between ADAM10DC-/- and Notch2DC-/- mice in infection 

with C. rodentium101. Similar CR-specific IgG2b levels between WT and ADAM10DC-/- mice 

also support a defect in local innate rather than adaptive responses. DC migration to lymph nodes 

was required for antibody responses, but not for protection against the bacterium which was 

mediated by lamina propria DC production of IL-23101. For examination of TH1 defects, 

ADAM10DC-/- and WT mice with the obligate intracellular bacterium A. phagocytophilum, 

where, as mentioned, T cell production of IFNγ is crucial for pathogen elimination98,99. No 

defects were seen with respect to the control of this infection in the ADAM10DC-/- mice as 

compared to WT animals (Figure 24A). Thus we conclude that the primary impairment is seen 

with TH2 disease models. A defect in the innate responses to infection with C. rodentium was 

also evident, albeit a less severe impairment as seen in Notch2DC-/- mice. 

In order to further examine the role of DC Notch expression in the TH2 impairment seen, 

we turned to mice in which Notch DC expression was altered. Notch2DC-/- mice exhibited the 
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same response in the ASA model as WT animals, indicating that lack of Notch2 expression on 

DCs was not responsible for the loss of TH2 function. However, Notch signaling was clearly 

implicated in our results using the ROSAN1-ICD mice; these animals have overexpression of the 

nuclear signaling component of Notch (N1-ICD) in cells that have Cre expression. Intriguingly, 

this restored the temperature drop in the ADAM10DC-/- animals (Figure 27K). This was then 

further explored by using Notch1DC-/- mice. These animals fell into two groups; 6 of 9 no longer 

showing evidence of anaphylaxis while 3 of 9 responded the same as WT controls (Figure 28A, 

B). With ADAM10DC-/- mice, 10 of 11 exhibited no temperature drop. The reason for the two 

groupings is not known, though the amount of antigen-specific IgE made in Notch1DC-/- mice 

may be right at the threshold required for anaphylaxis. Thus, most of the Notch1DC-/- mice do not 

undergo anaphylaxis, but a few do. Mice also exhibit IgG-mediated anaphylaxis with 

macrophages as the major players, instead of mast cells110. However, the model used in this 

study primarily induces IgE-mediated anaphylaxis so this is unlikely the explanation90 and the 

data from the HDM model is not consistent with a macrophage-mediated response. This finding 

warrants further investigation. Overall the results obtained indicate that the ADAM10 substrate 

that is important for mediating TH2 immunity is indeed Notch, with Notch1 exhibiting a higher 

level of importance than Notch2. The activation of Notch signaling requires the Notch receptor 

to bind to a Notch ligand, typically on adjacent cells. Several Notch ligands on DCs have been 

studied in the context of TH2 immunity. Jagged 1 and 2 on DCs have been shown to promote TH2 

response87, but we did not find alterations in either of these on ADAM10-deficient DCs (Figure 

31G, H). While the role of Notch1 has previously been studied in DCs, the studies found no 

alterations in DC subsets102. While we agree that the DC subset proportion is not altered, our 

results do indicate an important role for DC Notch1 expression, which is supported by Figure 
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35D demonstrating less cleaved Notch1 in ADAM10-deficient CD172+ DCs. Further studies will 

be required to determine if Notch1 expression levels explain this phenomenon. 

Deletion of ADAM10 from B cells resulted in the loss of Notch2-dependent marginal 

zone B cells84. ADAM10B-/- mice also have globally reduced humoral immunity, including IgG1 

and IgE50,111–113. This defect is distinct from the reduction in TH2 immunoglobulin seen in the 

ADAM10DC-/- mice, though marginal zone B cells are absent both. The CD11c promoter drives 

ADAM10 deletion in ADAM10DC-/- mice, and there exists a small subset of B cells, which 

express CD11c. The difference in humoral response in the ADAM10B-/- and ADAM10DC-/- does 

not support that the ADAM10DC-/- mouse phenotype is caused by ADAM10 deletion from the 

CD11c+ B cell population. Alveolar macrophages also express CD11c. Results from studies 

deleting ADAM10 from myeloid cells using the LysM-Cre would suggest a defect in 

macrophage migration114. As we demonstrate in Figure 19B, we have equivalent levels of 

macrophage migration into the BALF, further supporting a DC-specific phenotype. 

 TH2 priming DCs have been described as being IRF4- and KLF4-dependent86,115. IRF4-

expression DCs are also responsible for producing TH17 responses116. The precise targets of 

these transcription factors are unknown, but likely are cytokines or cell surface receptor on DCs. 

We find that OX40L on DCs in the medLN from ADAM10DC-/- mice is greatly reduced 

compared to WT (Figure 30E). OX40L has been demonstrated to be important for the induction 

of TH2 responses104,105. The cytokine IL-6 from DCs has also been shown to be critical for the 

development of TH2 responses as DCs from IL-6KO mice are unable to stimulate TH2 cytokine 

and Der p-specific IgG1117. ADAM10DC-/- mice have reduced IL-6, HDM-specific IgG1, and IgE 

(Figure 19C) (Figure 35F, H). The transcription factor KLF4 is able to bind to and activate the 

Il6 promoter in DCs107. We show that both Klf4 and Il6 expression is reduced in ADAM10-
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deficient DCs (Figure 35B, C). Interestingly, only Il6 expression was restored with N1-ICD 

expression (Figure 35C), indicating that it may be responsible for the phenotype observed in 

ADAM10DC-/- mice. In further support of this is that IL-6 has been demonstrated to be 

upregulated by non-canonical Notch signaling and is dependent on N1-ICD118. 

 Ever since IgE was discovered in the 1960s and the recognition of its importance in Type 

1 hypersensitivity, specific reduction in IgE synthesis has been a long sought mechanism to 

control these diseases. This has proven to be a difficult task, as this needs to be accomplished 

without significantly reducing protective immunoglobulin. Based on the results presented here, 

inhibition of ADAM10 on DCs would represent a method to achieve this difficult overall 

objective. Our current studies are examining whether similar results are seen when ADAM10 

inhibitors are targeted to DCs. If successful, this would have the potential of being a general 

therapy for TH2-mediated diseases. 
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Chapter 3: ADAM17 deletion from dendritic cells gives a distinct phenotype. 

1.3.1 Introduction 

ADAM10 and ADAM17 

ADAM10 and ADAM17 have many structural and functional similarities, including an 

overlapping group of substrates. Both have metalloproteinase domains, disintegrin domain with 

C-shaped cysteine-rich region, transmembrane region, and a cytoplasmic tail78. Both enzymes 

share similar transmembrane substrates and have constitutive and inducible shedding, but each 

has its favored substrates. ADAM10 is best known for its ligand-induced cleavage of Notch 

receptors, amyloid precursor protein, and ligands for epidermal growth factor receptor 

(EGFR)75,119,120. ADAM17 was originally known as TNF converting enzyme (TACE) and also 

sheds junctional adhesion molecule and vascular endothelial cadherin121–123.  

ADAM17 in the immune system 

ADAM17’s most well known substrate is TNF, which is critical to many aspects of the immune 

system78. ADAM17 also cleaves other proinflammatory cytokines and their receptors, regulating 

leukocyte adhesion and migration124. L-selectin (CD62L) regulates the rolling phase of 

diapedesis, which controls leukocyte recruitment toward chemokine signals. ADAM17 cleaves 

L-selectin in response to activation by chemotactic signals124. ADAM17 has also been implicated 

in cleaving ICOSL on the surface of B cells, which regulates humoral immune responses125. 

Several substrates of ADAM17 are known to be expressed by cDCs, including TNF, TGFα, 

amphiregulin, Mer tyrosine kinase, FcγRIII (CD16), and IL-6R. Further, L-selectin is used by 

pDCs to migrate to sites of inflammation.  

Given the large number of potential targets, we sought to understand how deletion of 

ADAM17 from DCs affects their function and overall immune responses. We show that 
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ADAM17DC-/- have no apparent defect in humoral immunity or TH2 response to HDM. 

Interestingly, when both ADAM10 and ADAM17 are knocked out of DCs, we see a phenotype 

that is unlike the single knockouts (ADAM10DC-/- or ADAM17DC-/-) including reduced IL-13 and 

IFNγ expression in CD4+ T cells after fungal allergen exposure. This indicates two possible 

hypotheses: either different substrates of ADAM10 and ADAM17 need to be removed for these 

phenomena to occur or ADAM10 and ADAM17 are cleaving a single substrate, which is 

required for immune responses. 

1.3.2 Materials and Methods 

1.3.2.1 Mice 

All animal experiments were performed with the approval of the Virginia Commonwealth 

University Institutional Animal Care and Use Committee. Mice were maintained in the Virginia 

Commonwealth University animal facility in accordance with guidelines for the humane 

treatment of laboratory animals set forth by the National Institutes of Health and the American 

Association for the Accreditation of Laboratory Animal Care. C57Bl/6 ADAM10flox mice were 

generated as previously described84 and were bred to B6.Cg-Tg(Itgax-cre)1-1Reiz/J (CD11c-cre, 

Stock No. 008068) to generate ADAM10DC-/- mice. ADAM17flox were purchased from Jackson 

lab (Stock No. 009597). ADAM17flox and ADAM10/17flox were bred to the CD11c-cre mouse to 

generate ADAM17DC-/- and ADAM10/17DC-/- mice. All mice were on the C57Bl/6 background, 

and healthy male and female 6-12 week old mice were used for experiments. Genotyping 

primers used for ADAM10DC-/- mice are described in Table 3 and ADAM17DC-/- mice in Table 5. 
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Table 5: Genotyping Primers 

Mouse Colony  Primer Name Sequence (5’ – 3’) 
ADAM17DC-/- Flox and WT 13799 TCCCCCAGCTAGATTGTTTG 

13800 AGGACCCAGGTTCAGTTCCT 
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1.3.2.2 Antigen presentation 

Antigen presentation assays were conducted using ADAM17DC-/- and ADAM10/17DC-/- mice as 

described in Section 1.2.2. Antibodies used for flow cytometry that are not previously mentioned 

are PE-Cy7 anti-mouse MerTK (Clone DS5MMER) (eBioscience) and Biotin-anti-mouse 

CD16/32 (Clone 2.4G2). 

1.3.2.3 HDM 

Intranasal administration of HDM and subsequent analysis were performed as described in 

Section 1.2.2. 

1.3.2.4 NP-KLH 

Immunization with NP31-KLH in alum and ELISAs were performed as described in Section 

1.2.2. 

1.3.2.5 A. alternata 

Intranasal administration of A. alternata and subsequent analysis were performed as described in 

Section 1.2.2. 

1.3.2.6 Aspergillus fumigatus 

Mice were sensitized and challenged with A. fumigatus as previously described126. Briefly, mice 

were sensitized with 10µg of A. fumigatus extract (Stallergenes Greer) in alum (Sigma) on days 

0 and 7. On days 14, 15, and 16 mice were given 15µg A. fumigatus extract i.n. Mice were 

euthanized on day 17. 

1.3.2.7 IgG1 Immune complexes 

CD4+ T cells were isolated from OT-II mice by L3T4 magnetic bead isolation and labeled with 

Tag-it Violet cell tracer (Biolegend). Labeled CD4+ OT-II T cells were i.v. injected into mice. 

The following day, OVA and anti-OVA IgG1 antibody were mixed in 1:10 ratio with each 
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mouse getting 2µg OVA and 20µg anti-OVA-DNP IgG1 (in house). The mixture was nutated at 

room temperature for 30min prior to i.v. injection. 72h later mice were euthanized and examined. 
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1.3.3 Results 

Deletion of ADAM17 does not affect DC antigen presentation 

Given the striking results with the ADAM10DC-/- mice, we wanted to examine the effect of 

removing the related metalloproteinase ADAM17 from DCs. We first assessed the ability of the 

DCs pick up antigen and present it to CD4+ T cells as we had been done with the ADAM10DC-/-. 

We adoptively transferred in labeled CD4+ OT-II T cells into ADAM17DC-/-, ADAM10/17DC-/-, 

or WT mice and then administered OVA/HDM i.n. In the medLN of WT, ADAM17DC-/-, and 

ADAM10/17DC-/- mice, almost 100% of the transferred T cells had proliferated (Figure 37A). 

Deletion of ADAM10 from DCs affected the presence of certain DC subsets in the spleen and 

LNs due to abrogation of Notch signaling (Figure 26). We wanted to see if the absence of 

ADAM17 and ADAM10/17 from DCs alters the prevalence of any medLN DC subsets. We 

examined total cDCs, CD24+, and CD172+ DCs after the antigen presentation assay and found 

neither group was different than WT (Figure 37B). Previously we had also observed differences 

in costimulatory molecule expression on ADAM10-deficient DCs, which likely affected their 

ability to stimulate TH2 responses (Figure 34). We analyzed costimulatory molecule expression 

on CD172+ DCs in the medLNs of WT, ADAM17DC-/-, and ADAM10/17DC-/- mice. We did not 

see any differences in CD86, ICOSL, and OX40L (Figure 37C). We also examined the tyrosine 

kinase MerTK, which is known to help DCs recognize apoptotic cells and is cleaved by 

ADAM17, but found a trend toward increased expression on ADAM17DC-/-, but not 

ADAM10/17DC-/- mice. (Figure 37C). Overall, antigen presentation, DCs subsets in the medLN, 

and costimulatory molecule expression are unchanged in ADAM17DC-/- and ADAM10/17DC-/- 

mice. 

  



 117 

 
Figure 37: ADAM17DC-/- and ADAM10/17DC-/- mice do not have defects in antigen 
presentation. 

A. In vivo antigen presentation assay as was performed in Figure 30 with violet dye-labeled 

CD4+ OT-II cells and i.n. administration of OVA/HDM. B. DC subsets (cDCs (CD11c+ 

MHCII+), CD24+ (CD11c+ MHCII+ CD24+ CD172-), and CD172+ (CD11c+ MHCII+ CD24- 

CD172+)) in medLN after antigen presentation assay were assessed by flow cytometry. C. 

Costimulatory molecule expression on CD172+ DCs was examined by flow cytometry.  
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NP-specific antibody responses are intact in ADAM17DC-/- 

After determining antigen presentation was intact in the ADAM17DC-/-, we wanted to examine if 

T dependent antibody responses were affected by deletion of ADAM17 from DCs. ADAM10DC-/- 

had a class-specific reduction in high affinity IgG1 antibody (Figure 16). We immunized 

ADAM17DC-/- with NP31-KLH in alum as previously described and measured high and total 

affinity antibody. For both IgG1 and IgG2b antibody classes, ADAM17DC-/- mice made 

equivalent levels of both high and total affinity as well as total antibody levels (Figure 38A-D). 

We also examined the presence of GC B and TFH cells in the spleen after boost immunization. 

ADAM17DC-/- mice had trending higher levels of GC B cells (Figure 38E) and similar levels of 

TFH cells compared to WT (Figure 38F). We also measured the expression of costimulatory 

molecules (CD86, ICOSL, and OX40L) and MerTK on CD172+ DCs in the spleen. As we found 

in the antigen presentation assay, ADAM17-deficient DCs expressed these surface molecules 

similarly to WT DC (Figure 38G). 
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Figure 38: NP-specific antibody responses are intact in ADAM17DC-/-. 

WT and ADAM17DC-/- mice were immunized with NP-KLH as previously described. High (NP4) 

and total (NP25) affinity antibody in serum were measured at indicated days by ELISA. A. 

IgG2b. B. Total IgG2b. C. IgG1. D. Total IgG1. E. Day 7 after boost, GC B cells (B220+ CD95+ 

GL-7+) (E) and TFH cells (CD4+ PD-1+ CXCR5+) (F) were analyzed in the spleen by flow 
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cytometry. G. Levels of costimulatory and surface molecules were assessed on CD172+ DCs in 

the spleen day 7 after boost. 
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ADAM10/17DC-/- mice have diminished TH2 response to HDM 

Though we did not see differences in TH2 antibody levels in ADAM17DC-/- mice, we wanted to 

see how these mice would perform in model of allergic airway inflammation. We subjected 

ADAM17DC-/-, ADAM10/17DC-/-, ADAM10DC-/-, and WT i.n. administration of HDM extract as 

previously described. After sensitization and challenge with HDM, we used the Flexivent 

apparatus to measured airway resistance at increasing doses of methacholine. WT mice 

demonstrate increasing resistance through the 50mg/mL dose. ADAM10DC-/- mice had minimal 

increases in resistance as shown in Figure 19A. ADAM17DC-/- mice behaved similar to WT, 

albeit with much variability. Airway resistance in ADAM10/17DC-/- mice increased little with 

each methacholine dose (Figure 39A). When we examined the BALF for cell infiltrate, we found 

that both ADAM17DC-/- and ADAM10/17DC-/- mice had high levels of eosinophils, comparable to 

WT mice (Figure 39B). No significant differences in neutrophils, macrophages, or lymphocytes 

were found between groups (Figure 39B). Consistent with the lack of airway resistance, 

ADAM10/17DC-/- had nominal levels of total and HDM-specific IgG1 as well as total IgE in the 

serum (Figure 39C-E). We observed no difference in the percentage of GC B cells (B220+ 

CD95+ GL-7+) or CD4+ IL-13+ cell in the medLN (Figure 39F, G). These results indicate that 

ADAM17DC-/- mice do not have an altered response to HDM, in contrast to ADAM10/17DC-/- 

mice. Interestingly, this defect results in reduced airway hyperresponsiveness and 

immunoglobulin, but no reduction in eosinophils or GC B cells. 
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Figure 39: ADAM10/17DC-/-, but not ADAM17DC-/- mice have reduced TH2 response to 
HDM. 

ADAM10DC-/-, ADAM17DC-/-, ADAM10/17DC-/-, and WT mice were subjected to the HDM 

protocol as previously described. A. Maximum airway resistance (max Rrs) was assessed at 

increasing doses of methacholine. B. Eosinophils, neutrophils, macrophages, and lymphocytes in 

the BALF were analyzed by flow cytometry. C. – E. Total and HDM-specific IgG1 and total IgE 
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were measured in the serum by ELISA. F. and G. GC B (B220+ CD95+ GL-7+) and CD4+ IL-13+ 

cells in the medLN were analyzed by flow cytometry. ***p<0.001, **p<0.01, *p<0.05, one-way 

ANOVA with Tukey’s post hoc test. 
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Alternaria alternata model in ADAM17DC-/- and ADAM10/17DC-/- mice 

Given the intriguing results from the HDM model of allergic airway inflammation, we wanted to 

examine the response of ADAM17DC-/- and ADAM10/17DC-/- mice with a fungal aeroallergen. 

Alternaria alternata is a common household allergen, which elicits both TH2 and TH17 immune 

responses in the airways92,97. We administered A. alternata as previously described in Figure 23 

and found no difference in eosinophils, macrophages, and lymphocytes in the BALF of WT, 

ADAM17DC-/-, and ADAM10/17DC-/- mice (Figure 40A). We did observe trending higher 

neutrophils in ADAM17DC-/- compared to WT (Figure 40A). We examined GC B cells in the 

medLN and found similar percentage between WT, ADAM17DC-/-, and ADAM10/17DC-/- mice 

(Figure 40B). We found fewer TFH cells (CD4+ PD-1+ CXCR5+) in the medLN of ADAM17DC-/- 

and ADAM10/17DC-/- compared to WT (Figure 40C). When we re-stimulated medLN cells on 

anti-CD3ε coated plates and then analyzed intracellular cytokine production by flow cytometry, 

we found that the ADAM10/17DC-/- had fewer CD4+ IL-13+ and CD4+ IFNγ+ cells compared to 

WT and ADAM17DC-/- (Figure 40D, E). This suggests that there are fewer TH1 and TH2 cells 

present in the medLN of ADAM10/17DC-/- mice after exposure to A. alternata. 
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Figure 40: ADAM17DC-/- and ADAM10/17DC-/- with A. alternata. 

WT, ADAM17DC-/-, and ADAM10/17DC-/- mice were given A. alternata as previously described. 

A. BALF was analyzed by flow cytometry for indicated cell types. B. GC B cells (B220+ CD95+ 

GL-7+) in the medLN were assessed. C. TFH cells (CD4+ PD-1+ CXCR5+) were measured in the 

medLN. D. and E. Cells from medLN were re-stimulated on anti-CD3ε coated plates and 

intracellular cytokine expression (IL-13 and IFNγ) was assessed by flow cytometry. **p<0.01, 

*p<0.05, one-way ANOVA with Tukey’s post hoc test. 
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Aspergillus fumigatus model 

To extend on the results from the A. alternata induced airway inflammation, we utilized another 

fungal aeroallergen, A. fumigatus, which is often associated with severe asthma phenotypes. TNF 

from inflammatory DCs were found to be critical for TH17 responses to this fungal allergen85,127. 

As ADAM17 is the principal sheddase of TNF, we might expect this response to be affected. We 

subjected ADAM17DC-/- and WT mice to an A. fumigatus model of airway inflammation127. WT 

and ADAM17DC-/- exhibited similar cell infiltration in the BALF (Figure 41A) and similar GC B 

cell expansion (Figure 41B). We also did not observe any differences in the percentage of CD4+ 

T cells that expressed IL-13 or IFNγ after re-stimulation (Figure 41C, D). From these data and 

Figure 40, we concluded that TH17 immunity in the airways is not affected by deletion of 

ADAM17 in DCs. 
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Figure 41: Aspergillus fumigatus model in WT and ADAM17DC-/- mice. 

WT and ADAM17DC-/- mice were subjected to A. fumigatus protocol. A. BALF was examined 

for eosinophils, neutrophils, macrophages, and lymphocytes by flow cytometry. B. GC B cells 

(B220+ CD95+ GL-7+) levels were assessed in the medLN. C. and D. MedLN cells were re-

stimulated on anti-CD3ε coated plates  and expression of intracellular cytokines, IL-13 (C) and 

IFNγ (D), were analyzed on CD4+ T cells by flow cytometry. 
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IgG1 immune complex stimulation 

Antigen-antibody immune complexes are a critical step in host protection responses to clear 

pathogens. Immune complexes are also implicated in several human diseases. IgG immune 

complexes are formed when antigen-specific IgG are bound to antigen, typically with an excess 

of antibody. These complexes bind to Fcγ receptors (FcγR) on leukocytes, leading to the 

crosslinking of the FcγR and effector responses. Three classes of FcγRs have been described in 

mice: FcγRI, FcγRII, and FcγRIII. FcγRI is considered to be a high affinity receptor, whereas 

FcγRII and FcγRIII are low affinity128. IgG1 immune complexes interact almost exclusively with 

FcγRIII. ADAM17 has been demonstrated to cleave FcγRIII, which is also known as 

CD16129,130. DCs express all three FcγRs, and FcγRIII on DCs has been implicated in increasing 

antigen presentation to both CD4+ and CD8+ T cells and maturation of DCs131. To examine the 

effect of ADAM17 deletion from DCs on their ability to respond to IgG1 immune complexes, we 

adoptively transferred violet tracer labeled CD4+ OT-II T cells into WT, ADAM17DC-/-, and 

ADAM10/17DC-/- mice. The next day, we i.v. injected OVA-anti-OVA IgG1 immune complexes. 

After 72h, we assessed the extent of proliferation of the CD4+ OT-II T cells in the spleen as well 

as the maturation of DCs in the spleen. We found that ADAM17DC-/- and WT had similar 

proliferation indices, which is estimates the number of cells that have divided disregarding the 

undivided population. Interestingly, ADAM10/17DC-/- had an increased proliferation index 

compared to both WT and ADAM17DC-/- (Figure 42A). A representative histogram demonstrated 

the dilution of the violet tracer in the divided CD4+ OT-II T cells (Figure 42B). We also 

examined the percentage of cDCs, CD24+ DCs, and CD172+ DCs in the spleen and found a 

reduction in cDCs in both ADAM17DC-/- and ADAM10/17DC-/- mice compared to WT (Figure 
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42C). Further, ADAM10/17DC-/- mice had fewer CD24+ DCs than WT mice (Figure 42C, D), 

which was not seen in the ADAM10DC-/- mice (Figure 26). 

 We then assessed alterations in maturation of the DC subsets or in the expression of other 

ADAM17 substrates. We found that ADAM17DC-/- had reduced expression of costimulatory 

molecules CD86 and ICOSL on CD172+ DCs as well as less MerTK expression (Figure 43A). 

ADAM10/17DC-/- had similar levels of costimulatory molecules, but trending reduction in CD16 

expression (Figure 43A). Similar trends were found when examining CD24+ DCs, but they were 

more exaggerated in some cases. ADAM17DC-/- had a greater reduction in CD86 and ICOSL 

(Figure 43B). These results are intriguing, but further study is necessary to understand if the 

alterations seen are biologically significant. Also, assessing the stimulation of CD8+ OT-I T cells 

may reveal additional consequences of ADAM17 deletion from DCs. 
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Figure 42: IgG1 immune complexes stimulation is enhanced in ADAM10/17DC-/- mice. 

Violet tracer labeled CD4+ OT-II T cells were adoptively transferred into WT, ADAM17DC-/-, or 

ADAM10/17DC-/- mice followed by OVA-anti-OVA IgG1 immune complexes i.v. A. Dilution of 

the proliferation dye in transferred cells in the spleen was assessed by flow cytometry. 

Proliferation index was calculated. B. Representative histogram for violet cell trace on CD4+ 

OT-II T cells in the spleen. C. and D. cDCs, CD24+ DCs, and CD172+ DCs were examined in the 

spleen as percent of live cells (C) and as percent of cDCs (D). ***p<0.001, **p<0.01, *p<0.05, 

two way ANOVA with Tukey’s post hoc test.  
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Figure 43: Expression of surface and costimulatory molecules on DCs is altered in 
ADAM17DC-/- and ADAM10/17DC-/- mice. 

Indicated surface molecule expression on CD172+ (A) and CD24+ (B) DCs from WT, 

ADAM17DC-/-, and ADAM10/17DC-/- mice after immune complex stimulation.  
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1.3.4 Discussion 

ADAM17 is a member of the ADAM family of metalloproteinases and is expressed in 

many tissues and cell types. It is best known for its cleavage of inflammatory molecules, 

including TNF. In the immune system, when ADAM17 is deleted from DCs, we see a subtle 

phenotype. However, when ADAM10 and ADAM17 are both removed from DCs, we find 

decrease in the activation of several immune responses. In humoral immunity, we see fewer GC 

B and TFH cells in ADAM10/17DC-/-. And in cellular immunity, we demonstrate fewer IL-13+ and 

IFNγ+ CD4+ T cells after exposure to the environmental fungal allergen, A. alternata. 

Interestingly, these phenotypes are distinct from the ADAM10DC-/- and the ADAM17DC-/- mice. 

 When we examined antigen presentation in ADAM17DC-/- and ADAM10/17DC-/- mice we 

found similar levels of proliferation of antigen specific CD4+ T cells in the medLN of all 

genotypes (Figure 37A). These results are similar to the ADAM10DC-/- mice; however, we did 

not observe any alterations in costimulatory molecules on DCs in the ADAM17DC-/- and 

ADAM10/17DC-/- mice (Figure 37C). ADAM10-deficient DCs expressed less OX40L compared 

to WT (Figure 30E). Though we did not assess cytokine production in T cells in the antigen 

presentation assay as we had done with the ADAM10DC-/-. We did analyze cytokine expression 

in CD4+ T cells in re-stimulated medLN after A. alternata immunization. Similar to the reduced 

CD4+ IL-13+ population in the ADAM10DC-/- mice both in antigen presentation (Figure 30F-H) 

and A. alternata (Figure 23C) models, ADAM10/17DC-/- mice had fewer CD4+ IL-13+ cells after 

A. alternata. ADAM17DC-/- mice had levels equivalent to WT (Figure 40D). Interestingly, 

ADAM10/17DC-/- also had fewer CD4+ IFNγ+ cells, which is in contrast to both ADAM10DC-/- 

(Figure 23C) and ADAM17DC-/- (Figure 40E). 
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Given the similarity in IL-13-producing CD4+ T cells between ADAM10DC-/- and 

ADAM10/17DC-/- mice, we expected that the eosinophils in the BALF would also be comparable. 

However, ADAM10/17DC-/- did not have a reduction in eosinophils (Figure 40A) with A. 

alternata as ADAM10DC-/- mice did (Figure 23A). In a model of acute allergic airway 

inflammation, ADAM17 inhibitors blocked neutrophil and eosinophil recruitment into the 

BALF132, thus it would be expected that ADAM17DC-/- and ADAM10/17DC-/- would have 

reductions in these populations as well. However, the ADAM17 inhibitor was administered i.n. 

and acted on epithelial cells and other leukocytes. ADAM17 in these cells has both pro and anti-

inflammatory action in the lungs. ADAM17 activity in epithelial cells increases their chemokine 

expression133. In contrast, ADAM17 in vitro acted as a negative regulator of airway 

inflammation134. 

Overall we have evidence that ADAM17 is important in immune responses though the 

precise mechanisms are not well understood. We have observed unique phenotypes of 

ADAM10DC-/-, ADAM17DC-/-, and ADAM10/17DC-/- mice using several different immunization 

models. These data indicate that further study is required to understand the ADAM17 substrates 

and the role they play in immune responses. 
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Chapter 4: B1 cell IgE impedes B2 cell IgE-mediated mast cell degranulation and parasite 

expulsion. 

1.4.1 Introduction 

IgE is an evolutionarily conserved immunoglobulin that is well known for causing the symptoms 

of atopic disease. This antibody class, despite having a half-life of less than a day in plasma, can 

persist for weeks to months when bound to cell surface FcεRI, making it a long-lasting “gate-

keeper” particularly with respect to triggering mast cells (MCs) or basophils135. Specific IgE 

responses directed against innocuous particles, such as pollen, cat dander, or peanut proteins, can 

result in allergic disease. IgE-mediated responses range from mild to severe. They can be either 

site-directed such as allergic rhinitis, atopic dermatitis, urticaria, and asthma, or systemic, as in 

anaphylactic shock. IgE+ plasma cells generated in the GCs that produce high affinity IgE to 

antigens are purported to come from bone marrow (BM) derived B cells or B2 cells through 

immunoglobulin class switch recombination (CSR) and somatic hyper mutation (SHM). In 

contrast, memory IgE responses are generated from IgG1+ memory B cells135,136. 

The importance of parasite specific IgE in controlling infection is controversial, yet there 

is evidence to support IgE-mediated clearance of phylogenetically distinct helminths such as 

Schistosoma mansoni and Trichnelia spiralis135,137,138. These parasites strongly promote IgE 

synthesis139. Despite high levels of IgE in helminth infected individuals, the prevalence of 

allergic disease is reduced in some populations with endemic helminth infection140–143. In this 

work, we showed that poly-specific IgE made by B1 cells was responsible for reduced MC 

degranulation by mechanism of IgE saturation of FcεRI that was first proposed by Bazaral et 

al.144.  
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B1 cells develop early in ontogeny, prior to the first hematopoietic stem cell (HSC), and 

are derived initially from the fetal yolk sac and then from the fetal liver145. They are delineated 

from B2 cells by the expression of CD11b and absence of CD23 on cells that reside primarily in 

the pleural and peritoneal body cavities of mice and that traffic to the draining LNs, spleen, and 

mucosal sites upon activation145–148. B1 cells are important immune effectors and regulators of 

adaptive immunity like other lymphocytes that bridge the innate and adaptive immune systems, 

such as ILCs, MZBs, and γδ T cells145,148–152. The B cell receptor (BCR) repertoire in these cells 

is enriched for poly-specific receptors with low-affinities to a broad range of antigens encoded in 

the germline153. B1 cells are essential IgM secretors, and have additionally been shown to be the 

definitive source of ‘natural’ IgM. As immune effectors, they secrete IgA at mucosal sites. 

However, only a few reports have demonstrated IgE production by B1 cells145,154–156. 

N. brasiliensis and H. polygyrus bakeri are TH2 inducing helminth parasites of mice 

similar to the human hookworms, Necator americanus and Ancylostoma duodenale157. WT mice 

are able to clear these infections in a T cell-dependent manner, relying on the cytokines IL-13 

and IL-4 for the ‘weep and sweep’ of intestinal helminth clearance45,158. This refers to the 

increased mucus production, goblet cell hyperplasia, and enteric nerve stimulation associated 

with intestinal parasite expulsion45,158. Utilizing these intestinal helminths, we demonstrated that 

B1 cells are capable of CSR to IgE and synthesis of large amounts of polyclonal IgE. In addition, 

the signals that drive B1 cells to IgE production and the functional relevance of B1 cell IgE in 

parasite-host interactions were examined. 
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1.4.2 Materials and Methods 

1.4.2.1 Design 

Research Subjects-Each experiment was performed in a controlled laboratory environment. Mice 

were utilized equally from barrier and non-barrier mouse vivaria. Sex was randomized between 

groups in all experiments and did not show a differential analysis when analyzed by the sexes 

(data not shown). Ages of mice used were between 6 and 16 weeks. Blinding-The animal 

caretakers were blinded to the assigned groups. Investigators were not blinded to the 

interventions, Replicates- Each experiment was conducted with two to three independent 

replicates. Sample Size-Sample size was determined by previous work with the helminth N. 

brasiliensis and H. polygyrus bakeri. 

1.4.2.2 Mice 

Mice were kept at VCU in accordance with the humane treatment of laboratory animals sets 

forth by the National Institutes of Health and the American Association for the Accreditation of 

Laboratory Animal Care. C57BL/6 ADAM10Tg mice were generated by the VCU Transgenic 

Mouse Core, as previously described159. C57BL/6 WT mice were purchased from The Jackson 

Laboratory. Rag1-/- mice were purchased from The Jackson Laboratory and maintained as above. 

IgE-/- mice were a generous gift from Drs. Hans Oettgen and Mitch Grayson and were 

maintained as above160. All mouse protocols were approved by the VCU Institutional Animal 

Care and Use Committee. 

1.4.2.3 Flow Cytometry and Cell Sorting 

Peritoneal lavage was collected and washed in FACS buffer (PBS, 0.1% BSA, and 2mM EDTA). 

Mesenteric lymph nodes were collected, pulled apart with tweezers, and flushed through a 40µm 

mesh cell strainer. Samples were blocked on ice for 10 minutes with Fc block (2.4G2, in house). 



 137 

Anti-mouse antibodies were then added at concentrations according to manufacturer’s protocol. 

Samples were then washed with FACS buffer. For flow cytometry analysis, samples were run on 

the BD LSRFortessa (BD Biosciences, San Jose, CA) and for cell sorting, the BD FACSAria II 

(BD Biosciences, San Jose, CA), both with Diva software in the VCU Flow Cytometry Core. 

Data was analyzed with Flowjo v7.6.5 software (FlowJo, LLC, Ashland, OR). Anti-mouse 

antibodies used were Pe-Cy7 conjugated anti-CD11b (M1/70), BV421 conjugated anti-CD23 

(B3B4), APC conjugated anti-B220 (RA3-6B2), PE conjugated anti-CD4 (GK1.5) or anti-

CD138 (281-2), and FITC conjugated anti-CD3ε (500A2), all from Biolegend, San Diego, CA. 

1.4.2.4 Cell Culture and Reagents 

Cells were counted and plated in cRPMI 1640 containing 10% FBS, 2mM L-glutamine, 50µM 2-

mercaptoethanol, 100 U/mL penicillin, 100g/mL streptomycin, 1mM HEPES (Quality 

Biological, Gaithersburg, MD), and 1mM sodium pyruvate (Corning Cellgro, Tewksbury, MA). 

Cells were cultured with or without 10ng/mL rIL-4 (PeproTech, Rocky Hill, NJ), 2µL/mL anti-

CD40 (HM40-3) (Biolegend, San Diego, CA), 300ng/mL rIL-5, 50 ng/mL IL-33161,162, and the 

indicated concentrations of rIL-25 (PeproTech, Rocky Hill, NJ). Depending on the experiment, 

cell-free supernatants were harvested at days 5, 7, or 9 or cells were harvested at day 4 or 5. For 

in vivo experiments with IL-33, rIL-33 was injected i.p. daily at 2µg/mouse for 7 days prior to 

sorting. 

1.4.2.5 ELISA 

ELISA for total IgE, IgG1 and IgM levels was done as described previously163. Briefly, plates 

were coated with 5µg/mL of rat anti-mouse IgE (clone B1E3, in house) in BBS (0.15 sodium 

chloride, 0.01M borate buffer, pH 9.5), blocked (PBS with 0.02% Tween-20 and 2% FBS), 

detected with biotinylated rat anti-mouse IgE (R1E4, in house) and streptavidin-alkaline 
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phosphatase (Southern Biotech, Birmingham, AL). Plates were developed with phosphate tablets 

(Sigma-Aldrich, St. Louis, MO) dissolved in substrate buffer (0.1g MgCl2.6H2O, 0.2 NaN3, 

50mL diethanolamine, pH to 9.8 per 500mL). Absorbance was measured at 405nm-650nm163. 

For total IgG1 levels, plates were coated with 5µg/mL of goat-anti mouse IgG1 and detected 

with goat anti-mouse IgG1-AP (Southern Biotech, Birmingham, AL)50. For total IgM levels, 

plates were coated with 5µg/mL of goat-anti mouse IgM and detected with goat anti-mouse IgM-

AP (Southern Biotech, Birmingham, AL). For NP-specific ELISAs, plates were coated with 

NP25BSA for total affinity and NP4BSA for high affinity antibody measurement (Biosearch 

Technologies, Petaluma, CA) and detected as with total immunoglobulin assays164,165. Fold IgE 

(Figure 50) was calculated for each replicate by dividing the condition with anti-CD40, IL-4, ± 

IL-5, and IL-25 (for each dose) by the cells sorted from the same mouse without IL-25.  

1.4.2.6 qRT-PCR 

Cells were isolated and total RNA was extracted using TRIzol reagent (Invitrogen, Waltham, 

MA). RNA was reverse-transcribed using Superscript IV (Invitrogen, Waltham, MA). Control 

RNA samples were made without adding Superscript IV, but utilizing the same temperature 

protocol to account for contaminating DNA. 20ng of RNA were used per reaction in duplicate. 

Each sample was run and compared to its control sample. Primers used with Power Up SYBR 

Green (Invitrogen, Waltham, MA) qRT-PCR assay were purchased from Integrated DNA 

Technologies. Primers and Taqman probes (LifeTech) are listed in Table 6. The qPCR was run 

using QuantStudio 3 real-time PCR system and software (ThermoFischer Scientific). 
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1.4.2.7 Nippostrongylus brasiliensis, Heligmosomoides polygyrus bakeri infection models, and T 

cell depletion 

N. brasiliensis and H. polygyrus bakeri were maintained and mice were inoculated as described 

in Section 1.1.2. Mice were monitored for eggs per gram of feces (EPG) as described158,166,167. 

For T cell depletion, mice were injected i.p. with 200µg anti-CD4 (GK1.5-in house) and anti-

CD8 (2.43-in house) antibodies on days -3, -2, -1, 0, 5, and 10166. 

Anaphylaxis models and N. brasiliensis excretory-secretory extract (NES) 

Active cutaneous anaphylaxis (ACA)168 and passive cutaneous anaphylaxis (PCA)169 models 

were performed as previously described with the following modifications: intradermal spotting 

was done on the pre-shaven flank, spot size was measured on the back, and back skin was 

collected for formamide extraction168. NES extract was generated from adult worms as 

previously described45. 

1.4.2.8 Rag1-/- Reconstitution 

Naïve Rag1-/- mice were maintained in a barrier vivarium163. All mice were i.v. reconstituted 

with 5 x 106 CD4+ T cells isolated by B220+ depletion, followed by STEM Sep Mouse CD4+ T 

cell enrichment kit (StemCell Technologies, Vancouver, BC) per manufacturer’s instructions 

from the spleens of WT C57Bl/6 mice. Indicated mice were i.v. reconstituted with 10 x 106 naïve 

B2 cells isolated by depletion with anti-mouse CD43 Miltenyi microbeads (Miltenyi Biotec, San 

Diego, CA) or with biotinylated anti-mouse CD43 (Biolegend, San Diego, CA) followed by anti-

biotin microbeads (Miltenyi Biotec, San Diego, CA) from the spleens of WT C57Bl/6 mice. 

Indicated mice were i.p. injected with 2 x 105 to 4 x 105 (indicated in individual experiments) 

isolated from the peritoneal and pleural cavities of WT C57Bl/6 mice according to described 

protocol. First, the peritoneal cells were Fc blocked on ice for ten mins (2.4G2, in house) 
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followed by biotinylated anti-mouse CD23 (B3B4), anti- mouse CD49b (DX5), anti-mouse 

F4/80 (BM8), anti-mouse CD90.2 (30-H12), and anti-mouse Gr-1 (RB6-8C5), (Biolegend, San 

Diego, CA) for 30 min on ice. Cells were washed and anti-biotin microbeads (Miltenyi Biotec, 

San Diego, CA) were added and B1 enrichment was performed according to manufacturer’s 

instructions. At least one week after reconstitution, mice were bled and cells evaluated by flow 

cytometry to verify reconstitution of T cells, B2 cells, or the absence of B2 cells and then 

experiments were performed. 

1.4.2.9 Statistical analysis 

Error bars represent the standard error of the mean (SEM). A horizontal line with a symbol 

representing the p value indicates statistical comparison. For pairwise comparisons, Mann-

Whitney tests were performed for non-normally distributed data, and Student’s t-tests were 

performed for normally distributed data. For multiple comparisons, Kruskal-Wallis tests with 

Dunn’s post hoc were performed for non-normally distributed data, and one-way ANOVA test 

with Tukey’s post hoc were performed for normally distributed data. All tests are noted in figure 

legends. A p value of <0.05 was considered significant. All statistical analysis was performed 

with GraphPad Prism 6. 
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Table 6: Primers and probes 

Primer/Probe Sequence/Product #3 
secreted IgE F GTCGCCTAGAGGTCGCCAAG 
secreted IgE R CATCCACCTTCCCCACCACAGC 
secreted IgG1 F TGCACAACCACCATACTGAGA 
secreted IgG1 R GGGTGGAGGTAGGTGTCAGA 
Actb (β-actin) F CAATAGTGATGACCTGGCCGT 
Actb (β-actin) R AGAGGGAAATCGTGCGTGAC 
Adam10 Mm00545742_m1 
Actb (β-actin) Mm99999915_m1 
  

                                                
3 Product number for Taqman probes purchased from LifeTech. 
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1.4.3 Results 

B1 cells make large amounts of IgE in response to helminth infection 

In our laboratory, we generated mice that lack bone marrow (BM) derived B cells, or B2 cells159. 

This is due to overexpression of ADAM10 at the common lymphoid progenitor stage that leads 

to improper Notch signaling and loss of B cell development159. Because this defect is restricted 

to the BM, the B1 cell compartment is intact159. To study the B1 cell antibody response during a 

helminth-induced TH2 response, ADAM10Tg and WT control mice were inoculated with 650 N. 

brasiliensis or 200 H. polygyrus bakeri infective third-stage larvae (L3). We measured the 

amount of IgE and IgG1 antibody in the serum. Interestingly, there was no significant difference 

in IgE production between WT and ADAM10Tg mice infected with either helminth, despite the 

ADAM10Tg mice lacking B2 cells (Figure 44A, B). This suggested B1 cells were able to 

produce significant levels of IgE post helminth infection in the absence of B2 cells. Interestingly, 

IgE production was seen even though significantly less serum IgG1 was measured in 

ADAM10Tg mice (Figure 44A). ADAM10Tg mice, have an increased number of immature 

myeloid cells throughout the organs and circulation due to the defect in hematopoiesis159. These 

cells were selectively depleted utilizing Gemcitabine (GEM) to assess if they played a role in 

enhancing B1 cell IgE166,170,171. N. brasiliensis-infected and GEM treated mice exhibited no 

change in IgE levels (Figure 44A), indicating an inconsequential role of immature myeloid cells 

on B1 cell IgE antibody production. To ensure that this difference was not due to ADAM10 

overexpression, B1 cells were sorted from the peritoneal cavity of WT or ADAM10Tg mice 

(Figure 45A) and Adam10 message was measured by qPCR. Adam10 expression in B1 cells does 

not differ between WT and ADAM10Tg mice indicating that this was not a reason for the 

significant levels of IgE made by B1 cells (Figure 45B).  
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Figure 44: B1 cell IgE is induced with T cell help during helminth infection.  

A. Total serum IgE and IgG1 was measured on day 14 post N. brasiliensis inoculation and (B) 

total serum IgE was measured by ELISA on days 10 and 15 after H. polygyrus bakeri inoculation 

in ADAM10Tg (A10Tg) and wild type (WT) mice. Gemcitabine (GEM) drug treatment was 

used to deplete MDSCs every 5 days. Closed circles are measured on the left Y-axis and open 

circles are measured on the right Y-axis. C. and D. Mice were T cell depleted using anti-CD4 

(GK1.5) and anti-CD8 (2.43) (both 200µg/injection i.p.) on days -2, -1, 0, 5, and 10 of N. 

brasiliensis infection or control IgG. Serum was collected on day 14 post inoculation. Total 

serum IgE (A) and IgG1 (B) were measured by ELISA. NS=not significant, *p<0.05. **p<0.01, 

***p<0.001. The error bars represent ± SEM. (A) is representative of three independent 

experiments. (B), (C), and (D) are representative of two independent experiments. Significance 

was determined using a one-way ANOVA with Tukey’s post hoc test. 
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Figure 45: ADAM10 message is not overexpressed on ADAM10Tg B1 cells.  

B1 cells were sorted from the peritoneal lavage fluid of mice utilizing the gating strategy 

illustrated in (A). B. Adam10 message was measured in WT and ADAM10Tg (A10Tg) B1 cells 

from mice infected with N. brasiliensis directly after sorting. ADAM10 message is normalized to 

Gapdh. n=4 pooled experiments/group and statistical comparison was performed with a Man-

Whitney non-parametric analysis. NS=not significant. Error bars represent ± SEM. 
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B1 cell IgE production during helminth is T cell dependent 

To assess whether helminth-induced B1 cell IgE production required T cells, we depleted both 

CD8+ and CD4+ T cells with injection of GK1.5 and 2.43 antibodies, respectively, starting 5 days 

prior to inoculation with N. brasiliensis and confirmed the cell depletion by flow cytometry166. 

Both WT and ADAM10Tg mice had significantly reduced IgE and IgG1 production after T cell 

depletion (Figure 44C, D). A baseline level of IgE and IgG1 remained in both WT and 

ADAM10Tg mice despite the loss of T cells (Figure 44C, D). 

B1 cell antibody production induced after NP-KLH immunization is poly-specific 

We next examined the antigen specificity of B1 cell IgG1 in the ADAM10Tg mouse. Mice were 

immunized i.p. with NP31-KLH in alum and both high affinity IgG1 antibody (NP4) and total 

affinity IgG1 antibody (NP25) were assessed in serum by ELISA164,165. On day 14 post 

immunization, ADAM10Tg mice have almost undetectable high or total affinity IgG1 antibody 

specific for the NP hapten despite having measurable total IgG1, though significantly less than in 

WT mice (Figure 46A). An antigen boost at 28 days after the original immunization induced 

high affinity IgG1, total affinity IgG1, and total IgG1, in WT but not ADAM10Tg mice (Figure 

46B, C). 
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Figure 46: B1 cell antibody responses to NP-KLH are poly-specific.  

ADAM10Tg (A10Tg) and WT mice were immunized i.p. with NP31-KLH in alum. High affinity 

(NP4-specific IgG1) (A), total affinity (NP25-specific IgG1) (B), and total IgG1 (C) were 

measured in the serum by ELISA on day 14 and day 5 post boost. NS=not significant, *p<0.05, 

**p<0.01. Error bars represent ± SEM. Significance was determined using Student’s t test 

between WT and A10Tg. This is data from three independent experiments. 
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B1 cell-derived IgE blocks MC degranulation post-helminth infection 

A major function of antigen specific IgE is to induce degranulation through FcεRI on primarily 

MCs and to lesser extents, basophils. To measure the antigen specificity of B1 cell IgE, as well 

as examine the ability of B1 cell antibody to induce degranulation, we used a model of active 

cutaneous anaphylaxis (ACA). Both ADAM10Tg and WT mice were immunized168 and 

challenged intradermally (i.d.) with ovalbumin (OVA) followed by i.v. injection of Evan’s blue 

dye solution. MC degranulation was induced by the circulating OVA crosslinking antigen 

specific IgE molecules bound to FcεRI on skin MCs, resulting in vasodilation and leakage of the 

dye from vessels creating a blue spot. Measurement of the area of the spot in WT mice indicated 

significantly increased MC degranulation compared to ADAM10Tg mice (Figure 47A, B) 

despite robust and equivalent total IgE and IgG1 (Figure 47C, D) in the serum of both groups of 

mice. This indicated that the B1 cell IgE induced with this antigen in alum is not OVA-specific. 

Next, blocking of specific IgE to FcεRI by helminth-induced B1 cell antibody was tested in a 

model of passive cutaneous anaphylaxis (PCA). ADAM10Tg and WT mice were inoculated with 

N. brasiliensis and injected i.d. with IgE anti-DNP 21 days later. This was followed 24 hours 

later with a challenge i.v. of OVA-DNP mixed in an Evan’s blue dye solution to measure DNP-

specific degranulation (Figure 47E, F). All uninfected control mice had equivalent degranulation 

indicating that skin MC activation was normal, but the amount of MC degranulation seen in both 

ADAM10Tg and WT mice was significantly reduced by helminth infection (Figure 47E, F), 

reinforcing the ability of poly-specific B1 cell IgE to block specific IgE. Total IgE levels in these 

mice were equivalent and increased during helminth infection (Figure 47G). Total IgG1 levels 

were elevated in WT mice after helminth infection, but not significantly in ADAM10Tg mice 

(Figure 47H). 
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Figure 47: B1 cell antibody blocks mast cell degranulation by specific IgE.  

ADAM10Tg (A10Tg) and WT were immunized with OVA in alum in an Active cutaneous 

anaphylaxis (ACA) model. After intradermal (i.d.) challenge, mast cell degranulation was 

measured by dye release into the back skin as surface area of the (A) spot and (B) dye extraction 

from the spot, both minus the negative control spot. Total (C) serum IgE and (D) serum IgG1 

antibody as measured at the time that mice were exposed to ACA. Passive cutaneous anaphylaxis 

(PCA) model was run on day 21 post N. brasiliensis (Nb) inoculation of mice or naïve mice. (E) 

Surface area of the spot or (F) dye extraction from the spot was measured. Total (G) serum IgE 

and (H) serum IgG1 antibody as measured at the time that mice were exposed to PCA. 

***p<0.001, **p<0.01, *p<0.05. Error bars represent ± SEM. Significance was determined using 

a one-way ANOVA with Tukey’s post hoc test. 
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B1 cells are primed to make IgE during helminth infection 

To investigate the signals necessary to help B1 cells switch to IgE, B1 cells were sorted from the 

peritoneal cavities of WT mice in the naïve state or 14 days after inoculation with N. brasiliensis 

(Figure 45). Both IL-4 and anti-CD40, which simulate CD40L stimulation, were required for B1 

cell IgE production (Figure 48A). Naïve B1 cells make little IgE when treated with anti-CD40 

and IL-4, but the addition of IL-5 significantly increased IgE production, and the proliferation of 

these cells172,173. Interestingly, B1 cells from mice infected with N. brasiliensis made 

significantly more IgE with anti-CD40 and IL-4 that was independent of cell proliferation 

compared to B1 cells sorted from naïve mice (Figure 48A, B). In addition, B1 cells from mice 

infected with N. brasiliensis had increased sensitivity to IL-5 induced proliferation and IgE 

production (Figure 48A, B). Overall, this indicated that B1 cell IgE was stimulated in vitro by 

similar signals as B2 cell-induced IgE, however, other signals may be priming B1 cells for 

increased IgE production during infection with N. brasiliensis. Since B1 cells are known to 

secrete large amounts of IgM, IgM production by both B1 and B2 cells was compared in culture. 

B1 cells from N. brasiliensis infected mice treated with anti-CD40, IL-4, and ± IL-5 made 

significantly more IgM than similarly treated B2 cells from infected mice, supporting the notion 

that B1 cells were being examined (Figure 49). 
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Figure 48: IL-5 induced B1 cell IgE production after helminth infection.  

B1 cells were sorted (CD23-B220int CD11bint CD138-) (Figure 45 shows gating) from the 

peritoneal lavage of mice infected with N. brasiliensis (day 14) or naïve WT mice. A. 30,000 

cells/mL were cultured with anti-CD40, IL-4, and/or IL-5. Supernatants were harvested on day 9 

of culture for total IgE ELISA. B. 60,000 cells/mL were cultured as above for 72 hours, followed 

by the addition of 1µCi/mL [3H]-thymidine, and after 24 hours later these cells were harvested 

onto GFC plates and read on a TopCount plate reader. CPM=counts per minute. *p<0.05 

**p<0.01 ***p<0.001. Error bars represent ± SEM. Significance was determined using a one-

way ANOVA with Tukey’s post hoc test. 
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Figure 49: B1 cells from mice infected with N. brasiliensis make more IgM in response to 
IL-5. 

B1 cells and B2 cells were sorted from mice infected with N. brasiliensis and cultured for 9 days 

with anti-CD40, IL-4, and ± IL-5. An ELISA was performed to detect total IgM in cell-free 

supernatants. ***p<0.001. Error bars represent ± SEM. n>7 mice and statistical comparisons 

were performed using a one-way ANOVA with Tukey’s post hoc test. 
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The alarmin IL-25, but not IL-33, enhanced B1 cell IgE production during helminth infection 

IL-25 production by ILC2s was shown to be important for induction of the TH2 response174,175. 

Fort et al. reported that i.p. IL-25 injection induced IgE production at 10 days176. These data, as 

well as the demonstrated importance of IL-25 release by intestinal tuft cells during helminth 

infection, led to an examination of the effects of IL-25 on B1 cell IgE174,175. Isolated B1 cells 

from N. brasiliensis infected mice made significantly more IgE when treated with anti-CD40, IL-

4, and IL-25 (in the range of 1 to 100ng/mL) compared to B1 cells treated with anti-CD40 and 

IL-4 alone (Figure 50A, B). IL-25 did not significantly increase IgE in B1 cells from naïve mice 

(Figure 50A, B). IL-25 did not further increase B1 cell IgE production from either naïve or N. 

brasiliensis infected mice when treated with IL-5 (Figure 50C), which was also reflected in the 

fold IgE (Figure 50A). In addition, IL-25 induced a moderate amount of proliferation in B1 cells 

treated with anti-CD40 and IL-4 (Figure 50D), but was not further augmented with IL-5 (Figure 

50E). The increase in IgE seen after treatment with IL-25 in B1 cells from N. brasiliensis 

infected mice was on a per cell basis and not due to proliferative changes, as demonstrated by 

qRT-PCR analysis of secreted IgE expression (Figure 50F). RNA was isolated from B1 cells 

sorted from N. brasiliensis infected WT mice that were cultured for four days with anti-CD40, 

IL-4, and 30ng/mL IL-25 or anti-CD40 and IL-4 alone. Additional controls show that IL-25 

alone did not induce detectable levels of B1 cell IgE in culture (Figure 51). 
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Figure 50: IL-25 enhanced B1 cell IgE production.  

B1 cells were sorted as Figure 45 from mice infected with N. brasiliensis or naïve mice. They 

were then cultured with anti-CD40, IL-4, ± IL-5, and with increasing doses of IL-25. A. Fold 

change in IgE as compared to no IL-25 was assessed. Statistical comparison was made between 

naïve B1 cells (black diamond, solid line) and B1 cells from mice infected with N. brasiliensis 

(Nb) (Black circle, dotted line) by unpaired Student’s t test. Total IgE production in supernatants 

is represented from (B) no IL-5 in cultures and (C) IL-5 added to cultures. Statistical comparison 

is made between no IL-25 in culture and dosages of IL-25 added to culture using a Student’s t 

test. Proliferation of B1 cells from mice infected with N. brasiliensis was examined as in Fig 4 to 

IL-25, (D) without or (E) with IL-5 added to culture. CPM = counts per minute. F. Secreted IgE 

message was assessed after culture in B1 cells and normalized to Actb (β-actin). Statistical 

comparisons were done by a Mann-Whitney, non-parametric comparison. *p<0.05, ***p<0.001. 

n>7 mice/group in A-E, n=3 pooled samples/group in F. Error bars represent ± SEM. 

Experiments are the products of at least two independent repeats for all groups.  
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Figure 51: B1 cells require anti-CD40 to make IgE in vitro.  

Controls for B1 cells sorted from mice infected with N. brasiliensis, as in Figure 50. A. Total 

IgE, B. IgG1, and C. IgM were measured from cell-free supernatants. Cells were cultured with 

anti-CD40 alone, IL-25 alone, or anti-CD40 in combination with IL-25 and/or IL-5. ND=none 

detected. 
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Since IgM is typically secreted by B1 cells, the regulation of IgM levels by IL-25 was 

examined by ELISA. B1 cells from naïve mice treated with anti-CD40 and IL-4 produced IgM 

that was not affected by the addition of IL-25 (Figure 51A). IgM production was increased by 

treatment with IL-5, but not further increased by adding IL-25 (Figure 51B). Inversely, B1 cells 

from mice infected with N. brasiliensis and treated with anti-CD40 and IL-4 had lower IgM 

when treated with IL-25 compared to without IL-25. IgG1 levels in similarly treated B1 cells 

were not different by ELISA (Figure 51C, D) or qRT-PCR in B1 cells (Figure 51E). To see if 

this pathway was active only in B1 cells, we examined IgE production in B2 cells sorted from 

both naïve and N. brasiliensis infected mice and cultured under the same conditions. IgE, IgG1, 

and IgM were not significantly altered beyond the addition of anti-CD40 and IL-4 (Figure 52A-

F). Additionally, IL-25 alone did not induce IgE, IgG1, or IgM (Figure 51A-C). 
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Figure 52: B1 cells do not make increased IgM or IgG1 in response to IL-25.  

B1 cells from naïve mice were sorted and treated with anti-CD40 and IL-4 in culture. Cell 

supernatants were examined for total IgM in the (A) absence or (B) presence of IL-5 added to 

culture, as well as total IgG1 in the (C) absence or (D) presence of IL-5 added to culture, all with 

increasing doses of IL-25. Relative expression of secreted IgG1 message (E) was assessed in 

cells cultured with or without added IL-25, normalized to Actb (β-actin) message. NS = not 

significant. In A-D, n>7 mice/ group and is inclusive of three independent experiments. In E, n = 

3 pooled experiments/ group.   
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Figure 53: B2 cells from mice infected with N. brasiliensis or naïve mice do not have 
increased antibody or proliferation in response to IL-25.  
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B2 cells were sorted from the peritoneal lavage of naïve mice or mice infected with N. 

brasiliensis (Nb). They were then cultured with anti-CD40 and IL-4 followed by detection of (A-

F) antibody in the cell-free supernatants and (G-H) proliferation. Total IgE, IgM, and IgG1 were 

measured in the (A, C, E) absence or (B, D, F) presence of IL-5 added to culture. Proliferation 

was performed as in Figure 5 on B2 cells from mice infected with N. brasiliensis with (G) or (H) 

without IL-5 added to culture. All cells were treated with increasing doses of IL-25. Error bars 

represent ± SEM. n>7 mice per group and statistical analyses were conducted utilizing Student’s 

t test between IL-25 dose and without IL-25. This is inclusive of three independent experiments. 
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Komai-Koma et al. recently showed that B1 cells proliferate after daily i.p. injection with 

IL-33161 through production of IL-5 that upregulated ST2 on B1 cells. This response was 

replicated in vitro by adding IL-5 and waiting for 48 hours before adding IL-33161. To test the 

effect of IL-33 on B1 cell IgE production, IL-33 was injected i.p. into WT mice and sorted B1 

cells were compared to B1 cells sorted from naïve mice. IL-33 did not increase B1 cell IgE over 

B1 cells from naïve mice (Figure 54D). In addition, B1 cells from naïve mice treated with IL-5 

for 48 hours followed by treatment with IL-33 increased cell proliferation161,162, but not IgE 

production (Figure 54D). B1 cells isolated from mice infected with N. brasiliensis that are 

exposed to the infection-induced IL-5175, did not further increase proliferation or IgE production 

after treatment with IL-33 (Figure 54A, C). These data suggest that IL-33 does not enhance IgE 

production by B1 cells. 
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Figure 54: IL-33 does not enhance B1 cell IgE production.  

B1 cells from naïve mice and mice infected with N. brasiliensis (Nb) were sorted and cultured 

with anti-CD40, IL-4 and ± IL-5 for 48 hours, followed by the addition of IL-33. After 9 days of 

culture, cell free supernatants were measured for total IgE (A) and IgG1 (B). Cell proliferation 

was determined by culturing cells with anti-CD40, IL-4, and ± IL-5 for 48 hours and then adding 

IL-33. 24 hours later, 1µCi [3H]-thymidine was added and after 24 hours of incubation the plate 

was harvested onto GFC plates and read on a TopCount plate reader. D. and E. Mice were i.p. 

injected with 2µg/mouse IL-33 daily for 7 days and then B1 cells were sorted from both these 

mice and naïve mice. After 9 days of culture, total IgE (D) and IgG1 (E) were measured. 

*p<0.05 **p<0.01 ***p<0.001. Error bars represent ± SEM. Significance was determined using 

a one-way ANOVA with Tukey’s post hoc test.  
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B1 cell IgE blocks enhanced B2 cell IgE-mediated clearance of N. brasiliensis 

To examine the practical application of B1 cell IgE during an infection with N. brasiliensis, we 

turned to a Rag1-/- mouse model. These mice lack functional B and T cells, as well as B1 cells177. 

All mice were reconstituted with CD4+ T cells alone and further reconstituted with B1 cells 

alone, B2 cells alone, or B1 and B2 cells. One week after reconstitution, mice were inoculated 

with N. brasiliensis. Reconstitution was confirmed by flow cytometry after N. brasiliensis 

infection (Figure 56). The level of infection was monitored by measuring fecal egg burden 

(Figure 55A, B). Both B1 cell-only and CD4+ T cell-only reconstituted mice had similar 

infection levels, demonstrating no alteration of parasitic clearance mediated directly by CD4+ T 

cells by B1 cells (Figure 55A, B). Intriguingly, B2 cell-only reconstituted mice showed 

significantly augmented parasitic clearance compared to the other groups, and B1/B2 cell-

reconstituted mice showed a reduced clearance compared to the B2 cell-only group (Figure 55A, 

B). This indicated that B1 cells were hindering B2-mediated clearance. To test if this was B1 cell 

IgE-mediated, mice were reconstituted with B1 cells from IgE-/- mice and WT B2 cells. These 

IgE-/- B1 cells did not inhibit the B2-mediated clearance (Figure 55A, B). To further show that 

the B2-mediated clearance was IgE dependent, Rag1-/- mice were reconstituted with IgE-/- B2 

cells that proved unable to increase clearance compared to mice given WT B2 cells (Figure 

556A, B). The total IgE levels in serum were similar between all three groups and were only 

significantly reduced in the IgE-/- mice (Figure 55C).  

These mice were maintained for 35 days after N. brasiliensis inoculation and then i.d. 

injected with N. brasiliensis excretory-secretory extract (NES) in a model of ACA to determine 

if B1 IgE provided protection against IgE-mediated helminth-specific MC degranulation. We 

observed that the mice reconstituted with WT B2 cells generated a skin reaction (Figure 55D). 
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The mice that were reconstituted with WT B1 and WT B2 had reduced ACA, reflective of 

decreased parasite clearance (Figure 55D, E). IgE-/- B2 cells from N. brasiliensis-infected mice 

failed to induce ACA indicating a lack of IgG1-induced degranulation in the model, and IgE-/- 

B1 cells in conjunction with WT B2 cells generated ACA, demonstrating the importance of B1 

cell-derived IgE in blocking B2 cell-mediated degranulation (Figure 55D, E). 
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Figure 55: B1 cell IgE blocks parasite clearance by B2 cell IgE in reconstituted mice.  

Rag1-/- mice were reconstituted with 5 x 106 CD4+ T cells, followed by reconstitution with B1 

cells i.p. and/or naïve B2 cells i.v. from WT or IgE-/- mice. Mice were then infected with 650 N. 

brasiliensis and (A) EPG were determined over the time course of infection and highlighted at 

day 7 post-inoculation in (B). C. Total serum IgE was measured in serum by ELISA on day 14. 

Statistical comparison was performed using a Kruskal-Wallis non-parametric test with Dunn’s 

post hoc test. D. 35 days post inoculation with N. brasiliensis, an ACA reaction was induced 

using excretory-secretory extract (NES) derived from N. brasiliensis and (D) spot measurement 

and (E) dye extraction from skin was assessed as in Figure 47. *p<0.05 **p<0.01 ***p<0.001. 

n>7 mice/group in all groups except T cell alone, which n=4/group. Error bars represent ± SEM. 

Data is the product of four independent repeats.  
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Figure 56: Rag1-/- reconstitution is confirmed by flow cytometry after infection with N. 
brasiliensis.  

Flow cytometry was performed on mesenteric lymph node on day 21 after inoculation with N. 
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brasiliensis and reconstitution with CD4+ T cells and either B1 cells alone, B2 cells alone, or B1 

and B2 cells. Representative Rag1-/- mice reconstituted with B1 cells from WT mice only is 

shown in row A, reconstituted with B2 cells from WT mice only is shown in row B, and 

reconstituted with dual B1/B2 cells from WT mice is shown in row C. 
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Finally, this same reconstitution model was used to examine mice immunized with NP-

KLH in alum. Reconstitution of Rag1-/- mice with B1 cells have significantly reduced total and 

high affinity IgG1 to the NP antigen, but antigen-specific IgG1 in reconstituted mice given 

B1/B2 cells was unaffected. Total IgG1 was similar between all groups (Figure 57). This data 

recapitulated the results observed in the ADAM10Tg mouse model. 
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Figure 57: Rag1-/- reconstitution reinforces that B1 cell antibody responses to NP-KLH are 
poly-specific.  

Rag1-/- mice were reconstituted as in Figure 55 with CD4+ T cells and B1 cells and/or B2 cells 

from WT mice and then immunized i.p. with NP31-KLH in alum. High affinity (NP4-specific 

IgG1), total affinity (NP25-specific IgG1), and total IgG1 were measured in the serum by ELISA 

on day 14. *p<0.05, **p<0.01. The error bars represent ± SEM. Significance was determined 

using a one-way ANOVA with Tukey’s post hoc test. This is representative of three independent 

experiments. n>7mice/group. 
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1.4.4 Discussion 

The alarmin IL-25 has been shown to be important regulator of cells that span the 

adaptive and innate immune system, such as ILC2s. These cells secrete IL-5 in response to IL-25 

stimulation, both of which are important for B1 cell IgE production (Figure 50). Although we 

know from our depletion studies that T cells are important in the B1 cell IgE response to N. 

brasiliensis in vivo, there is a small basal amount of IgE that remains despite this depletion 

(Figure 44). This residual B1 cell IgE may be stimulated by the cytokines produced directly by 

ILC2s. The cytokine order and amount may be important for IL-5 to further increase IgE 

production in conjunction with IL-25. IL-5 induced B1 cell proliferation may increase IgE 

production by increasing the number of B1 cells (Figure 48)172. IL-25, according to qRT-PCR 

data, increased IgE message on a per cell basis (Figure 50), and thus induced intrinsic signaling 

that warrants further investigation. 

The CSR patterns for low affinity vs. high affinity antibody was elegantly explained by 

Xiong et al., demonstrating that a direct switch from µ to ε generated antibodies with low to non-

affinity for an antigen178. This is in contrast to the indirect switch from µ to γ to ε that requires 

re-entry into germinal center reactions178. The indirect mechanism of CSR to IgE is not proven 

here, but is suggested with the increased IgE and decreased IgG1 seen in helminth infection 

(Figure 44) (Figure 55). IgG1 levels are only similar to WT when the model is prolonged and 

includes multiple immunizations, like the ACA model (Figure 47). This suggests that B1 cell IgE 

is undergoing CSR through a direct µ to ε switch. 

B1 cells have long been thought to be important innate immune effectors. They generate 

critical IgM responses to bacteria, as well as to influenza virus145,146. In the past few years more 

research has described a role for B1 cells in TH2 disease. Patel et al. demonstrated that B1 cell 
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IgM blocked the response to HDM, a common aero allergen, with germline anti-

phosphorycholine (PC) antibody179. Another study suggested that B1 cell IgE might be specific 

for PC in a HDM model, yet this was never explicitly shown and Patel et al. did not see B1 cell 

IgE specific for PC in their model179. One suggestion is that B1 cell IgE induced by helminth 

infection may be PC specific, which is interesting, as both N. brasiliensis and H. polygyrus 

bakeri have secreted PC epitopes180,181. Because anti-PC IgE would likely be able to degranulate 

MCs and promote clearance of the parasite, the data contained herein argue against PC-specific 

IgE. In addition, as seen in Figure 55, B1 cell IgE does not enhance parasitic clearance. 

Nonetheless, it remains possible that B1 cell IgE could be selectively specific to unknown N. 

brasiliensis epitopes that for steric or yet to be determined reasons do not result in MC 

degranulation. But a poly-specific response that is cytokine enhanced is far more likely when the 

immunization protocols from Figure 46 and Figure 47 are considered. Unlike a helminth 

infection that has the potential to activate the germline clones available in the B1 cell repertoire, 

both NP-KLH and OVA in alum generated robust antibody responses that were not specific for 

NP or OVA. B1 cell antibody is commonly implicated in autoimmunity, as it is not subjected to 

any form of negative selection against self-antigen145. It would not be surprising if an antigen 

was revealed during the tissue damage induced by a helminth, but this explanation would not 

account for the strong B1 cell IgE responses that were observed upon stimulation with several 

different antigens (Figure 46) (Figure 47). Arguing against the possibility that B1 cell IL-10 may 

be inhibiting the parasitic clearance seen with the B2 cells in Rag1-/- reconstitution model in 

Figure 55, is the observation that IgE-/- B1 cells compared to WT B1 cells have reduced 

inhibition of WT B2 cell-mediated parasite clearance. This supports an IgE-dependent 

mechanism and not one regulated by cytokines. 
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Our model demonstrates that IL-25 from the intestinal epithelium initiates the type 2 

immune response during helminth infection and along with other signals such as IL-4, IL-5, and 

CD40L stimulation from T cells causes B1 cells to proliferate and undergo CSR to IgE. This IgE 

coats MCs and reduces the binding of parasite specific IgE from B2 cells. Traditionally, IgE 

antibody was not thought to be critical in the clearance of helminth infections since clearance of 

N. brasiliensis was not delayed in IgE-/-. With our Rag1-/- mouse cell reconstitution model, we 

conclusively showed that in the absence of B1 cell IgE, B2 cell IgE is able to more effectively 

assist in parasite clearance, presumably by enhanced MC degranulation. Late phase mediator 

release by MCs would also be increased leading to enhanced clearance of the parasite over T cell 

mediated clearance alone. 

The accumulation of immature myeloid cells observed in the ADAM10Tg mice present a 

limitation to studying B1 cell IgE in these mice159,166. To ensure that this was not confounding 

the data, both an inhibitor of these cells as well as a Rag1-/- mouse reconstitution model using 

isolated B1 and B2 cell populations was utilized. Due to the inability to reconstitute large 

numbers of B1 cells as well as reconstitution of mature B cells, no reconstitution model will 

contain the full clonal repertoire of a WT mouse. But, the power between the two models makes 

up for some of these faults. No experiment in a mouse model will recapitulate exactly what is 

happening in the human system, especially with B1 cells, as they are poorly defined in 

humans182. If the epidemiological data is taken into consideration, where polyclonal IgE is seen 

in individuals protected against atopic disease142, a role for parasite induced “benign” IgE does 

emerge. 

Based on this data we hypothesize that in the very long evolution between helminths and 

primates to modern humans, that helminths have developed a mechanism of inducing large of 
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amounts of B1 cell IgE that provide them with an evolutionary survival advantage. Slower 

parasite clearance and increased fecundity leads to increased egg output for the parasite and 

improved evolutionary success183. The large amounts of IgE found in helminth-infected humans 

that is not specific for the parasite may be an indicator of this process at work. Furthermore the 

epidemiological studies demonstrating decreased rates of allergic disease in helminth endemic 

countries may be indicative of an additional mechanism in which large amounts of parasite 

induced polyclonal IgE could combat specific IgE-mediated MC degranulation by diluting it out 

and competing for receptor occupancy140–144. It could also explain the chronic nature of endemic 

helminth infection in humans. As this poly-specific IgE becomes better understood, its induction 

would represent an additional alternative for control of IgE-mediated allergic disease. 
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Section II: Myeloid derived suppressor cells 

Chapter 1: Mast cell derived mediators augment the immunomodulatory role of myeloid 

derived suppressor cells. 

2.1.1 Introduction 

Myeloid-derived suppressor cells 

Myeloid-derived suppressor cells (MDSCs) are a diverse population of immature myeloid cells, 

which have been found to suppress immune responses. They were originally discovered in 

patients with cancer and found to suppress anti-tumor immunity. Because this population is 

heterogeneous, there is some debate as to the precise combination of surface marker expression, 

but human MDSCs are typically characterized as being HLA-DR-/lowCD11b+CD33+. MDSCs are 

divided into two subsets, monocytic (M-MDSCs) and granulocytic (G-MDSCs), characterized by 

CD14+CD15- and CD14-CD15+ expression, respectively184. Murine MDSCs have co-expression 

of the surface markers CD11b+Gr-1+, with the M-MDSCs and G-MDSCs expressing 

Ly6ChiLy6G- and Ly6CloLy6G+, respectively185. Integral to the definition of MDSCs is their 

ability to suppress immune responses. Several mechanisms have been implicated: depletion of L-

arginine186,187, production of soluble oxidizers188–191, reduction of T cell migration and 

viability192–194, and induction of Tregs195. In addition to these functions, MDSCs are also thought 

to skew the environment to TH2 type immune responses, which is beneficial in other disease 

states but detrimental to host anti-tumor reactions. The mechanism of this skew is as of yet 

unknown, but is potentially the result of interactions of MDSCs with other cell types besides T 

cells. Our lab demonstrated the novel interaction between MDSCs and mast cells (MCs) in N. 

brasiliensis infection and B16 melanoma (B16) colonization166. These studies showed that 
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MDSCs promoted clearance of N. brasiliensis and tumor colonization through amplification of 

TH2 immunity and that MCs were critical for this action. 

In previous publications, we generated transgenic mice that overexpress ADAM10 

(ADAM10Tg), which disrupts Notch signaling in hematopoietic progenitors leading to the 

accumulation of MDSCs159. These MDSCs are functionally similar to those derived from the 

tumor-derived counterparts as determined by parallel studies using MDSCs from tumor-bearing 

mice. To study the importance of MCs for MDSC action, we utilized the MC-deficient C57Bl/6 

kitWsh/Wsh (Wsh) mice. These mice have a mutation in the white spotting (W) locus gene, which 

encodes the receptor tyrosine kinase, ckit, and are deficient in MCs but have minimal other 

hematologic abnormalities. Currently, we use another MC-deficient mouse, C57Bl/6 Cpa3-

Cre;Mcl-1fl/fl, which were a generous gift from Dr. Stephen Galli. The Cpa3-Cre;Mcl-1fl/fl, 

named the “Hello Kitty” mice, express Cre recombinase under the carboxypeptidase 3 promoter 

which removes the anti-apoptotic factor, myeloid cell leukemic factor 1 (Mcl-1), leading to a 

severe deficiency in MCs and basophils196. While our lab has demonstrated that MCs are able to 

orchestrate MDSC immunoregulatory function, this interaction needs to be further elucidated. 

Appreciating the communication between MDSCs and MCs may provide functional targets to 

either enhance or block the skewing of immune responses, which could augment therapeutic 

regimens in patients with cancer or other diseases. 

Mast cells, histamine, and MDSCs 

MCs are tissue resident cells, which are found in barrier tissues like skin, gut, and respiratory 

mucosa. In these tissues, they are important sentinels and coordinate anti-parasitic immune 

responses158 via the production cytokines and other molecules and the recruitment of effector 

cells, like MDSCs197. MCs have been consistently demonstrated at the tumor site, and their 
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presence is correlated with decreased survival and worse prognosis197,198. Proinflammatory 

cytokines secreted by MCs were thought to be the cause; however, MCs secrete factors like 5-

lipoxygenase and IL-17, which recruit MDSCs to the tumor microenvironment199–201. In addition 

to these molecules, MCs release histamine, proteases, cytokines, and other lipid-derived 

mediators202–204. Histamine is a major component released by MCs and acts on histamine 

receptors (HRs) 1 - 4, which are G-protein couple receptors. HRs are present on many cell types 

including vascular endothelium, enterochromaffin cells, and smooth muscle cells; the resulting 

effect of histamine depends on which receptor type is present. Actions of histamine include 

increased vasopermeability, vasodilation, mucus production, and smooth muscle contraction205. 

Myeloid cells express HRs and produce histamine through histidine decarboxylase (HDC)167,206. 

In vitro, histamine promoted survival of myeloid cells and supported the M2 phenotype through 

increased IL-10 and decreased IL-12 production207,208. Thus histamine is able to alter the immune 

environment promoting tumor growth through action on myeloid cells. Histamine has also been 

shown to enhance growth of human colon cancer cell lines, which was blocked by treatment with 

the HR2 antagonist, cimetidine (CIM)209. Our studies have demonstrated that histamine promotes 

survival of MDSCs through HR1 and HR2 and alters gene expression of the suppressive 

enzymes, Arginase 1 (Arg1) and inducible nitric oxide synthase (iNOS) with different effects on 

G-MDSCs and M-MDSCs167. In response to histamine, M-MDSCs increase mRNA expression 

of both Arg1 and iNOS, whereas G-MDSCs decrease mRNA expression of both suppressive 

enzymes. The divergent effects of histamine were also shown in vivo where G-MDSC survival in 

the liver was more susceptible to HR2 antagonism in N. brasiliensis infection. MDSCs in the 

tumor environment can alter the immune response depending on the subtype, G or M. 
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MC-derived IL-13 on MDSC function 

IL-13 is a cytokine made by many different cell types, including MCs210. IL-4 and IL-13 are both 

TH2 cytokines with many overlapping functions158,211. They share a common receptor subunit, 

IL-4Rα. IL-4 can signal through IL-4Rα by interacting with the common γ chain or IL-13Rα1, 

whereas IL-13 signals through IL-13Rα1 with IL-4Rα or IL-13Rα2. Despite this commonality, 

different signaling cascades are activated depending on the ligand bound211. IL-13 is responsible 

for the “weep and sweep” response to intestinal parasites, which consists of enteric nerve 

stimulation, smooth muscle contraction, and goblet cell hyperplasia158,210. The role of IL-13 in 

tumor progression is controversial. Early reports demonstrated a protective role of IL-4 and IL-

13211–213. However, these studies were conducted with tumors overexpressing these cytokines, 

and their biological significance is unclear. Increasing evidence supports the tumor-promoting 

role of IL-13. Phase I and II trials of IL-13PE38QQR (Cintredikin besudotox), which is IL-13 

attached to Pseudomonas exotoxin A, are underway for patients with metastatic and locally 

advanced adrenocortical adenocarcinoma and other advanced tumors expressing high levels of 

IL-13Rα2214,215. Human studies of patients with gastric and pancreatic cancers have 

demonstrated elevated plasma levels of IL-13, which are correlated with increased MDSCs and 

worse prognosis216. Blockade of IL-4Rα and thus IL-13 signaling, delayed 4T1 tumor 

progression, increased MDSC apoptosis, and increased CD8+ T cell infiltration into the tumor217. 

Recently, monoclonal antibodies targeting IL-13 have been developed for asthma and allergic 

disease, but several are currently also in clinical trials for the treatment of solid tumors218. While 

the source of IL-13 is debated, MC-derived IL-13 has been demonstrated to be important in 

pancreatic ductal adenocarcinoma219. Timing, source, dosage, and location are likely to be 

important for the effect of IL-13. Besides increasing Arg1 expression and activity220, 
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understanding the role of IL-13 in cancer is in its infancy. We show preliminary evidence that 

IL-13 acts as a chemotactic agent to recruit MDSCs to parenchymal sites creating metastatic 

niches. This novel function of IL-13 is supported by reports that IL-13 can drive chemotaxis in 

other myeloid cells221. The function of MC-derived IL-13 for MDSC-induced tumor promotion 

is largely unknown and further study in this area is necessary to explain the conflicting views. 

Given the recent trials targeting IL-13 and IL-13Rα2-expressing cells, we aimed to understand 

the multi-faceted role of IL-13 in MDSC function and tumor advancement. 

 

2.1.2 Methods 

2.1.2.1 Mice 

Mice were maintained at VCU animal facility in accordance to guidelines by the National 

Institutes of Health and American Association for the Accreditation of Laboratory Animal Care. 

C57BL/6 ADAM10 transgenic mice (A10Tgs) were generated as previously described159. 

C57BL/6 WT mice were purchased from Jackson Laboratories. KitWsh/Wsh mice were progeny of 

breeding pairs purchased from Jackson Laboratories. Cpa3cre; Mcl-1fl/fl mice205 (C57BL/6 

background), were generously provided by Dr. Stephen Galli at Stanford University. IL-13-/- 

mice were a generously provided by Dr. Andrew McKenzie at Cambridge University222. All 

mouse protocols were approved by VCU Institutional Animal Care and Use Committee. 
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Table 7: Genotyping Primers 

Mouse 
Colony 

 Primer Name Sequence 

ADAM10Tg Transgene A10TgF CCAACAGTGTTAATTCTGCTCC 
A10TgR TTCTTTCAGCCAGAGTTGTGCG 

Mclflox 
Cpa3-Cre 

Flox and 
WT 

oMIR5147 GCAGTACAGGTTCAAGCCGATG 
oMIR5148 CTGAGAGTTGTACCGGACAA 

Cpa3-Cre Cpa3-cre F CGATGCAACGAGTGATGAGG 
Cpa3-cre R GCATTGCTGTCACTTGGTCGT 

IL-13-/- IL-13 Exon1 AAGAGCCCGAGGCATGATGCG 
Exon2 TCTGGGCGCTATTGCTTGGTCTCTTCTGCC 
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2.1.2.2 Cell culture 

Mouse bone marrow-derived mast cells (BMMCs) were derived from bone marrow from femurs 

and tibiae of mice and cultured in cRPMI 1640 containing 10% FBS, 2mM L-glutamine, 100 

U/mL penicillin, 100µg/mL streptomycin, 1mM HEPES (Quality Biological, Gaithersburg, MD, 

USA), and 1mM sodium pyruvate (Cellgro, Herndon, VA, USA). Cultures were supplemented 

with IL-3-containing supernatant from WEHI-3 cells (1ng/mL) and stem cell factor containing 

supernatant from BHK-MKL cells (10ng/mL). Mature BMMC were used after 28 days culture. 

B16 melanoma cell line was maintained in DMEM with 10% FBS, 1% penicillin, 1% 

streptomycin, and 1% L-Glutamine. 

2.1.2.3 Isolation of MDSCs, adoptive transfer, and dye labeling 

Spleens were harvested from A10Tg mice. They were then dispersed into single cell 

suspensions. Erythrocytes were lysed using ACK lysing buffer (Quality Biological, 

Gaithersburg, MD, USA). T cells were depleted using CD90.2 magnetic depletion (Miltenyi 

Biotec, Inc., Auburn, CA, USA) according to manufacturer’s protocol. Gr-1+, Ly6G+, or Ly6C+ 

cells were purified using Easy Sep PE-selection kit (Stem Cell Technologies, Vancouver, BC, 

CAN) according to manufacturer’s protocol. For AT studies, 10 x 106 MDSCs were injected into 

tail veins every three days. For AT of dye labeled MDSCs, cells were stained with PKH26GL 

dye linker kit (Sigma-Aldrich, St. Louis, MO, USA) according to manufacturer’s protocol. 

2.1.2.4 Migration Assays 

2 x 105 B16, BMMC, or media alone were loaded into the lower well of 8µm trans-well plates 

(Corning, Herndon, VA, USA). 2x105 MDSCs were loaded into the upper well. Plates were 

incubated for four hours at 37°C and the lower wells were harvested for flow cytometry. 
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2.1.2.5 T cell suppression assay 

T cells were isolated from WT mice by magnetic bead isolation (CD90.2 beads, Miltenyi Biotec) 

and labeled with 1µM CFSE. Labeled T cells were co-cultured with MDSCs on anti-CD3ε 

coated plates with anti-CD28 in cRPMI. After 72h of culture, cells were analyzed by flow 

cytometry for dilution of CFSE. Percent divided was then calculated (# cells divided/total CFSE+ 

cells). 

2.1.2.6 Flow Cytometry 

Cell isolation and labeling were conducted as previously described. Antibodies included FITC 

anti-mouse Gr-1 (RB6-8C5); PE anti-mouse Gr-1 (RB6-8C5); APC anti mouse Ly6C (HK1.4), 

PERCP/Cy5.5 anti-human CD15 (W6D3); PE/Cy7 anti-mouse CD11b, anti-human CD33 (WM-

53) (Biolegend, San Diego, CA, USA); APC anti-human CD11b (ICRF44), and PE anti-human 

CD14 (61D3) (eBiosciences, Inc., San Diego, CA, USA); and anti-mouse Ly6G-FITC (1A8) 

(BD Biosciences, San Jose, CA, USA). Flow cytometric analysis was performed using the Canto 

(BD Biosciences, San Jose, CA, USA). Data analysis was conducted using FlowJo v7.6.5.  

2.1.2.7 Tumor cell inoculation 

Mice were injected i.v. with 2.5 x 105 B16 melanoma or Lewis lung carcinoma (LLC) cells, 

monitored daily, and euthanized after three weeks; lungs were harvested and weighed to 

determine degree of colonization. Mice were also given flank injections of tumor cells in 

separate experiments. For LLC flank tumors, firefly luciferase-expressing LLC cells were used 

for inoculation. D-luciferin (Promega) was injected i.p. 5 mins prior to imaging with the IVIS 

Spectrum In Vivo imaging system (Perkin Elmer). 
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2.1.2.8 qPCR 

Cells were homogenized in TRIzol reagent (LifeTech) and total RNA was isolated according to 

manufacturer’s protocol. cDNA was reverse transcribed with oligodTs and Superscript IV 

(LifeTech). qPCR was run on a QuantStudio5 (LifeTech) and primers and Taqman probes 

(LifeTech) used are in Table 8. 

2.1.2.9 Cimetidine or Cetirizine administration 

For mice treated with cetirizine (CT), 0.5mg/kg was injected i.p. starting on day -1 and repeated 

daily. For mice injected with cimetidine (CIM), 20mg/kg was injected i.p. starting on day -1 and 

repeated every two days.  

2.1.2.9 Human Studies 

Human studies were conducted under appropriate Institutional Review Board (IRB) approved 

protocols. All patients gave informed consent for this research. 10 or 20 mLs of blood was 

collected in EDTA coated vacuum tubes from patients identified as having systemic 

mastocytosis, chronic urticaria, or seasonal allergy symptoms. Blood from healthy controls was 

also collected. Peripheral blood mononuclear cells were isolated using Ficoll-Paque separation 

medium (GE Healthcare, Little Chalfont, Buckinghamshire, UK). Cells were labeled with a live 

dead cell marker and then stained for flow cytometry as described in Section 2.1.2.6. 

2.1.2.10 Statistical analysis 

P values were calculated using unpaired Student’s t tests in Graphpad Prism v5. Error bars 

represent the standard deviation between samples. p<0.05 is considered statistically significant. 
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Table 8: Primers and Probes 

Primer/Probe Probe4 
Ccr2 Mm00438270_m1 
Ccl2 Mm00441242_m1 
Gapdh Mm99999915_g1 
  

                                                
4 Product number for Taqman probes purchased from LifeTech. 
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2.1.3 Results 

Histamine and MDSCs 

To study the immunoregulatory potential of MDSCs, we have isolated them from ADAM10Tg 

mice, which accumulate MDSCs in the absence of tumor. As these MDSCs function identically 

to their tumor-derived analogs166, we have been able to study the role of MDSCs in different 

disease states, including N. brasiliensis infection and the tumor colonization models, B16 and 

Lewis lung carcinoma (LLC). In N. brasiliensis infection, a robust TH2 response is elicited which 

leads to the elimination of adult worms (L5) from the intestine 10 – 12 days after infection. 

Adoptive transfer of MDSCs into N. brasiliensis-infected mice, reduced the fecal egg counts and 

adult worms in the proximal small intestine compared to wild type C57Bl/6 (WT) controls166. 

Interestingly, WT mice infected with N. brasiliensis had increased numbers of MDSCs with G-

MDSC and M-MDSC ratios similar to the ADAM10Tg and tumor-bearing mice. To understand 

different effect of the subsets on clearance of N. brasiliensis, G-MDSCs and M-MDSCs were 

purified from ADAM10Tg mice based on expression of Ly6G and Ly6C and adoptively 

transferred into N. brasiliensis-infected WT mice. The Ly6G+ population (G-MDSCs) had a 

similar effect as total MDSCs on the immune response to the helminth infection, whereas the 

Ly6G- population (M-MDSCs) demonstrated minimal enhancement of anti-N. brasiliensis 

immune response. Further supporting the unequivocal role of MDSCs, depletion of CD8 and 

CD4 T cells with anti-CD8/CD4 antibodies did not diminish the enhanced expulsion of N. 

brasiliensis by adoptive transfer of MDSCs. Moreover using the adoptive transfer of MDSCs 

into MC-deficient mice both Wsh and Hello Kitty, we have discovered that MCs are critical for 

the promotion of anti-helminth immunity by MDSCs (Figure 58A, B)166. We then extrapolated 

the requirement of MCs for MDSCs action to tumor models. We expected that adoptive transfer 
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of MDSCs would not efficiently promote the metastasis of B16 in MC-deficient mice. To this 

end we adoptively transferred MDSCs into MC-deficient and WT mice, which received i.v. 

injection of B16. In WT mice, adoptive transfer of MDSCs led to increased number of tumor 

nodules in the lungs, whereas in MC-deficient mice, MDSC adoptive transfer had almost no 

effect (Figure 58C)166,167. Thus without MCs, MDSC were not able to promote tumor metastasis 

effectively. 
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Figure 58: MCs are required for MDSC-mediated N. brasiliensis expulsion. 

A. KitWsh/Wsh mice were reconstituted with BMMC 20 weeks prior to experiment (rWsh). Age 

matched unreconstituted KitWsh/Wsh
 mice (Wsh) mice were used as controls. Mice were infected 

with N. brasiliensis and i.v. AT with A10Tg derived MDSCs on days (-1, 2, 5, and 7) or not. 

***p<0.001 between rWsh and rWsh/M. B. Cpa3Cre+
 Mcl-1fl/fl mice were infected with N. 

brasiliensis and AT with MDSCs (M) as described above or not. Eggs per gram of feces were 

determined on indicated days. n>5 mice per group. C. Cpa3Cre+
 Mcl-1fl/fl (MC-/-) or WT Mice 

were challenged with B16 melanoma with or without adoptive transfer of MDSCs. Mice were 

euthanized and lung tumor colonies were enumerated. D. Liver and spleen were examined for 

MDSC accumulation. *p<0.05, n>4 mice per group. 
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Building on the role of histamine in MDSC survival, proliferation, and TH2 immune 

responses, we sought to understand the effect of histamine on MDSCs and to determine whether 

it could be acting as the mediator in MC-MDSC communication. Liver MDSCs express HR 1 – 

3, but not 4167. We found that in vitro exposure to histamine increased survival and proliferation 

of MDSCs, particularly striking for M-MDSCs. These results were confirmed by utilizing HR1 

and HR2 antagonists, cetirizine (CT) and CIM, which abrogated the effects. Expression of 

enzymes Arg1 and iNOS mediate MDSC suppression of immune responses. Histamine treatment 

in vitro increased the expression of Arg1 and iNOS mRNA in M-MDSCs five-fold and two-fold, 

respectively. G-MDSCs exhibited five-fold and two-fold decrease in mRNA expression of Arg1 

and iNOS. To examine the ability of MDSCs to promote a TH2 environment in response to 

histamine, the expression of typical TH2 cytokines, Il4 and Il13 were assessed by quantitative 

polymerase chain reaction. Histamine treatment caused a four-fold increase in Il4 and two 

hundred-fold increase in Il13 expression in G-MDSCs over M-MDSCs167. These data 

demonstrate the ability of histamine to affect MDSCs in vitro and illustrate the differences 

between the two MDSC subsets. 

To understand the role of histamine on the in vivo effects of MDSCs, we administered CT 

and CIM to N. brasiliensis infected mice, which were also given MDSCs. Antagonism of HR1 or 

HR2 abolished the ability of MDSCs to enhance parasite clearance, presumably by inhibition of 

the TH2 skew (Figure 59A, B). These results were also correlated with fewer MDSCs in liver and 

with a higher proportion of G-MDSCs167. As we demonstrated that MDSCs, particularly G-

MDSCs, increase their expression of suppressive enzymes in response to histamine, we 

investigated the functional consequence of this suppression in tumor models. We analyzed 

whether HR2 antagonism would prevent adoptively transferred MDSCs from suppressing anti-
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tumor immunity in a B16 colonization model. B16-bearing mice receiving CIM and MDSC 

adoptive transfer had reduced lung tumor nodules (by weight) compared to B16-bearing mice 

that did not receive CIM and were similar to levels B16-bearing mice that did not receive any 

MDSCs (Figure 59C, D). Similar results were shown in an MDSC-accumulating tumor model, 

LLC, where CIM suppressed tumor growth in the lungs223. 
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Figure 59: HR1 and HR2 antagonists block MDSC function. 

A. and B. EPG in N. brasiliensis infected, ± MDSCs (M) every 3 days and ± daily CT treatment 

(A) or every other day CIM treatment (B). C. and D. Mice were challenged with B16 

concomitant with MDSCs ± CIM. Mice were subsequently euthanized, and their lungs weighed 

for B16 colonization. Mean ± SD. *p<0.05, n>5 mice/group167. 
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MDSCs in human patients 

To understand the relevance of MCs in human patients, we examined patients with indolent 

systemic mastocytosis (ISM), a human disease characterized by clonal expansion of MCs. We 

found elevated levels of MDSCs in the blood compared to patients with chronic urticaria (CU) 

and healthy (H) controls (Figure 60A). We confirmed the suppressive function of the MDSCs by 

T cell suppression assay (as described below) using T cells sorted from the same patient (data not 

shown). Patients with ISM have symptoms related to MC activation events such as cutaneous 

skin reactions, gastrointestinal disturbances, and anaphylaxis224. Through an IRB in collaboration 

with Dr. Lawrence Schwartz at VCU, we had access to blood (10mL per patient) from patients 

with ISM, chronic urticaria (CU) (drug control), and healthy (H) volunteers. Under this protocol, 

patients answered questions regarding their symptoms and medications (exclusion criteria 

includes corticosteroid usage as it may confound results). The blood was collected, de-identified, 

and then provided to us with the questionnaire. We also have published that patients suffering 

from allergic disease (MC activation) have increased MDSCs in their blood167 (Figure 60B). 

While this proposal does not directly aim to examine the MDSCs in human patients further, this 

data greatly supports the role of MCs in MDSC survival and function in humans. 
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Figure 60: Patients with indolent systemic mastocytosis and allergies have elevated 
circulating MDSCs. 

A. Blood from patients with indolent systemic mastocytosis (ISM), chronic urticaria (CU), and 

healthy controls (H) was examined for MDSCs (HLA-DR- CD33+ CD11b+) by flow cytometry. 

B. Blood from allergic patients and healthy controls were analyzed by flow cytometry for 

MDSCs (CD34- CD33+ CD11b+)167 Mean ± SD. *p<0.05.  
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IL-13 and MDSCs 

Given the literature establishing IL-13 as a chemotactic agent for MDSCs and its importance for 

MDSC recruitment in an effective immune response, we analyzed the trafficking of MDSCs 

upon adoptive transfer. MDSCs were labeled with the lipid tracking dye, PKH26GL, and 

injected i.v. into naïve mice. Eighteen hours after injection, we found that MDSCs preferentially 

migrated to the liver166. To determine the significance of this localization in N. brasiliensis 

infection, we PKH26GL tracked MDSCs adoptively transferred into N. brasiliensis-infected WT 

and MC-deficient mice (Wsh). In the WT mice, MDSCs again trafficked to the liver. In the MC-

deficient mice, the proportion of MDSCs present in the liver was markedly reduced166, indicating 

the importance of MCs in MDSC function. We confirmed these results using in vitro migration 

assays; MDSCs displayed a high degree of migration to MCs167. Other groups have also 

demonstrated MDSC trafficking to the liver in tumor models225,226 in addition to our own data 

(Figure 61D). 

Building on the in vivo migration data, we sought to analyze the role of IL-13 using IL-

13-/- mice, which were injected s.c. with LLC, generating a primary flank tumor. We 

demonstrated that MDSCs do exit the bone marrow; however they are reduced in the liver and 

increased in the PB compared to WT mice with LLC flank tumors. Interestingly, it appears that 

the MDSCs were unable to escape out of the circulation and travel to the liver, despite being 

produced from the bone marrow in adequate numbers (Figure 61B and D). The functional 

consequence of this aberrant migration is evident in the smaller tumor volumes in the IL-13-/- 

mice compared to WT. Additional data using a LLC colonization model, studying this effect in 

metastasis, demonstrated that IL-13-/- mice had fewer metastatic colonies compared to WT 

(Figure 61C). From these results we have crafted a novel hypothesis: MCs secrete IL-13, which 
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recruits MDSCs from the circulation to MC resident tissues, where they create an 

immunosuppressive environment via IL-4Rα signaling, facilitating tumor growth and metastasis. 

 We expanded on the LLC tumor models to explore the effect of IL-13 deficiency on B16 

melanoma. Using similar methods as were used with LLC, we inoculated WT and IL-13-/- mice 

with B16 melanoma. In both colonization and flank tumor models, we found no significant 

difference in tumor volume or size between WT and IL-13-/- mice (data not shown). When we 

examined the organs for the presence of MDSCs, IL-13-/- had more MDSCs in the bone marrow 

and fewer in the spleen (Figure 62A). To establish if the difference in MDSCs in the bone 

marrow was due to changes in the myeloid progenitors in the bone marrow, we analyzed the 

common myeloid progenitors (CMP), granulocyte-monocyte progenitors (GMP), and myeloid-

erythroid progenitors (MEP) in the bone marrow after tumor. We found similar levels of all 

progenitors between WT and IL-13-/- mice (Figure 62B), indicating it was likely due to some 

circulating tumor derived factor that was leading to the alteration in MDSC levels in the bone 

marrow rather than a change in progenitors. In further support of this is that naïve MDSC levels 

between WT and IL-13-/- mice are not different (Figure 63). We also measured MDSC levels 

after B16 flank tumors and found no significant differences in any organs (Figure 62C). 
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Figure 61: IL-13 is important for MDSC-driven suppression of tumor immunity.  

A. and B. IL-13-/- or WT mice were challenged with LLC s.c. tumor. Tumor volume (A) and 

percent CD11b+ Gr1+ cells in spleen, liver, and peripheral blood (PB) (B) were assessed. C. Mice 

were challenged with LLC i.v. and lungs were infused with India ink (intra-tracheal) to visualize 

tumor (representative lungs). D. Percent CD11b+ Gr1+ cells in spleen, lungs, and PB were 

analyzed by flow cytometry. E. Representative bioluminescent image overlay of WT with LLC-

luciferase s.c. tumor. Mean ± SD. *p<0.05. n>5, unpaired Student’s t test.  
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Figure 62: MDSCs levels in B16 melanoma in WT and IL-13-/- mice. 

B16 colonization model in WT and IL-13-/- mice. A. Indicated organs were analyzed by flow 

cytometry for the presence of CD11b+ Gr-1+ MDSCs 18 days after tumor inoculation 

(colonization). B. Bone marrow (BM) was assessed for common myeloid progenitors (CMP; Lin- 

c-Kithi Sca1- CD34+ FcγRII/IIIlo), granulocytic-monocytic progenitors (GMP; Lin- c-Kithi Sca1- 

CD34+ FcγRII/IIIhi), and megakaryocyte-erythroid progenitors (MEP; Lin- c-Kithi Sca1- CD34- 

FcγRII/IIIlo) by flow cytometry. C. B16 melanoma s.c. (flank) tumor model. Percent CD11b+ 

Gr1+ cells assessed by flow cytometry. 
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Figure 63: MDSCs in naïve WT and IL-13-/- mice. 

CD11b+ Gr-1+ cells were assessed in indicated organs by flow cytometry. 
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IL-13-/- MDSCs are less suppressive than A10Tg MDSCs 

Given the differences in MDSC levels in WT and IL-13-/- mice in the tumor models, we aimed to 

understand if the MDSCs generated in IL-13-/- and WT mice functioned similarly. Of note, we 

did not observe any differences in proportions of G-MDSCs and M-MDSCs between WT and 

IL-13-/- mice except for a reduction in M-MDSCs in the liver of IL-13-/- mice (). A hallmark of 

MDSC function is their ability to suppress T cell proliferation. We isolated MDSCs from A10Tg 

and IL-13-/- A10Tg mice spleens and co-cultured them with CFSE-labeled WT T cells on anti-

CD3ε coated plates. Percent divided as assessed after 72h by dilution of CFSE by flow 

cytometry. A10Tg MDSCs suppressed 50% of T cell proliferation at the ratio of 1:0.25 

(T:MDSC) (Figure 65). However, more than twice as many IL-13-/- MDSCs were required to 

suppress T cell proliferation to the same extent (Figure 65). Interestingly, the addition of rIL-13 

to T cell suppression assays with A10Tg or IL-13-/- A10Tg MDSCs did not affect the functional 

suppression of either cohort (Figure 65). This is in contrast to a report that MDSCs differentiated 

with IL-13 are more suppressive than those differentiated without IL-13220. Less suppressive IL-

13-/- MDSCs is consistent with the smaller tumor size seen in the LLC tumor models, which may 

be the results of better immune control of the tumor. 
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Figure 64: Naïve IL-13-/- mice have similar levels of G-MDSCs and M-MDSCs. 

WT and IL-13-/- mice organs were analyzed for G-MDSCs (CD11b+ Ly6Ghi Ly6Clo) and M-

MDSCs (CD11b+ Ly6G- Ly6Chi) by flow cytometry. Student’s unpaired t test, * p<0.05. 
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Figure 65: T cell suppression with A10Tg and IL-13-/- A10Tg MDSCs. 

CFSE-labeled T cells were co-cultured with WT (A10Tg) or IL-13-deficient (IL-13-/- A10Tg) 

MDSCs on anti-CD3ε coated plates. Percent divided was assessed after 72h by dilution of the 

proliferation dye by flow cytometry. rIL-13 (50ng/mL) was added to indicated groups for the 

entire culture. 
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MDSCs migration 

Given the migration data from our recent publication167 and the results from tumor models in 

WT and IL-13-/- mice, we wanted to understand if IL-13 made by the MCs was mediating these 

effects. We decided to examine migration of MDSCs to WT and IL-13-/- bone marrow derived 

MCs (BMMCs). As previously published, WT MDSCs migrated efficiently to WT BMMCs; 

however, these MDSCs migrated to a lesser extent to IL-13-deficient BMMCs (Figure 66). 

These results may help to explain the findings in tumor models in WT and IL-13-/- mice, which 

indicated altered trafficking of MDSCs. 
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Figure 66: MDSCs migrate less efficiently to IL-13-/- BMMCs.  

MDSCs were loaded into trans-well assay plates (8µm pore size) and migrated toward BMMCs 

from WT or IL-13-/- mice, media only, or MCP-1 (100ng/mL). MDSCs in top and bottom wells 

were assessed by flow cytometry after 4h to obtain percent migrated. Mean ± SD. n=6 per group, 

*p<0.05, unpaired Student’s t test. 
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MDSCs home less effectively to IL-13-/- liver 

The migration results intrigued us, so we explored how MDSCs survive within WT and IL-13-/- 

mice. To this end, we adoptively transferred PKH26-labeled WT MDSCs into naïve WT and IL-

13-/- mice and examined the organs by flow cytometry and confocal microscopy. The lipid 

labeled dye PKH26 can be detected similarly to phycoerythrin (PE) by flow cytometers, thus we 

determined the percent of CD11b+ Gr-1+ MDSCs that were PE+ in each organ 24h after adoptive 

transfer. Bone marrow, peripheral blood, and spleen all had similar levels of PE+ MDSCs (Figure 

67A). Interestingly, the livers of IL-13-/- mice contained fewer PE+ MDSCs than those in WT 

mice (Figure 67A). Frozen liver sections from these mice were stained for MCs. MDSCs (red) 

and MCs (green) are seen in both WT and IL-13-/- livers, but the latter contains fewer MDSCs 

(Figure 67B). 
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Figure 67: MDSC adoptive transfer into WT and IL-13-/- mice. 

PKH26-labeled 10x106 WT MDSCs were adoptively transferred (i.v.) into WT and IL-13-/- mice. 

A. Indicated organs were examined 24h after adoptive transfer for the percent of MDSCs 

(CD11b+ Gr-1+) that were PE+ by flow cytometry. B. Livers were frozen in OCT and 5µm 

sections were cut and stained with anti-mouse mast cell tryptase (green). PKH26-labeled MDSCs 

are shown in red. 
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Chemokine expression in WT and IL-13-/- mice 

We were intrigued by the difference in migration of MDSCs to both WT and IL-13-deficient 

BMMCs and within WT and IL-13-/- mice. The liver of these mice was of particular interest as 

the MDSCs failed to localize here in IL-13-/- mice. In an asthma model, IL-13 was demonstrated 

to drive the expression of CCL2227. We found that the livers of IL-13-/- mice expressed less of the 

chemokine Ccl2, which as been shown to be critical for MDSC trafficking to the tumor site and 

homeostatic niches228 (Figure 68A). There was no difference in Ccl2 expression in the spleens of 

these mice (Figure 68B). These data are consistent with the adoptive transfer experiments in 

Figure 67. We did not observe any differences in the expression of the receptor for CCL2, Ccr2, 

between WT and IL-13-/- MDSCs (Figure 68C). We also examined the Ccl2 expression of the 

tumor cell lines that were used in previous figures as a way to understand the variability in the 

results. We found that the control tumor 4T1, which is known for its ability for MDSC 

accumulation, had the highest Ccl2 expression. LLC had somewhat less Ccl2 expression and 

B16 melanoma had barely detectable levels (Figure 68D). We see the largest disparity in 

migration between WT and IL-13-/- in the LLC and fewer differences in B16 tumor models. This 

may be due to the CCL2 expression of each of these tumor lines. 
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Figure 68: CCL2 and CCR2 expression are altered in IL-13-/- mice. 

A. and B. Liver and spleen from WT and IL-13-/- mice were examined for expression of Ccl2 

relative to Gapdh. C. Expression of Ccr2 was measured in MDSCs from WT A10Tg and IL-13-/- 

A10Tg mice. D. RNA from indicated tumor cells were assessed for expression of Ccl2 relative to 

Gapdh. 
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IL-13-/- MDSCs do not enhance N. brasiliensis clearance 

Our lab has demonstrated that adoptive transfer of MDSCs increases tumor burden, but also 

enhances immunity to the helminth parasite N. brasiliensis. Given our results with WT and IL-

13-/- mice and tumor models in which IL-13-/- had smaller LLC flank tumors and less LLC 

colonization, we asked if IL-13-/- MDSCs would fail to enhanced clearance of N. brasiliensis. 

We adoptively transferred WT or IL-13-/- MDSCs into WT or IL-13-/- mice and infected them 

with N. brasiliensis. We monitored fecal egg burden over the course of infection. WT mice have 

peak burden at day 7 and then have cleared the infection by day 10 (Figure 69A). WT MDSC 

adoptive transfer reduced EPG at days 7 and 8. Transfer of IL-13-/- MDSC into WT mice 

produced similar parasite burden WT MDSCs. This suggests that the enhanced clearance 

promoted by MDSCs is not due to IL-13 production (Figure 69A, B). As IL-13 is part of the 

“weep and sweep” response for parasite clearance, it is unsurprising that IL-13-/- mice have very 

high level of EPG, which is sustained until euthanasia. WT MDSC adoptive transfer was able to 

control the parasite in IL-13-/- mice on days 6 and 7, but unable to augment clearance after day 7 

(Figure 69A). We also measured IgE in the serum at day 14 after inoculation. IL-13-/- with WT 

MDSCs produced substantially higher amount of IgE than the rest of the groups (Figure 69C), 

though the reason for this is yet unknown. This group notwithstanding, IgE levels were similar 

among groups. (Figure 69C). 

 Given these results we wanted to see if there were differences in the localization of 

MDSCs in each of these groups after infection. We examined the liver, peripheral blood, and 

spleen for total MDSCs as well as the M- and G-MDSC subsets. In contrast to the LLC tumor 

studies, after N. brasiliensis infection we only see trending decreases in MDSCs in the liver 

between WT and IL-13-/- mice (Figure 70A). We do not see differences in any of the adoptive 



 205 

transfer groups in total MDSCs in liver or M- or G-MDSCs (Figure 70A-C). In the peripheral 

blood, we find increased total MDSCs in WT mice given WT MDSCs and IL-13-/- MDSCs. IL-

13-/- mice had trending higher level of total MDSCs (Figure 70D) and significantly higher M-

MDSCs (Figure 70E), consistent with data Figure 61. WT and IL-13-/- MDSCs transferred into 

WT mice also had increases in M-MDSCs over WT (Figure 70E). WT MDSCs put in IL-13-/- 

mice resulted higher M-MDSCs, trending higher than WT + IL-13-/- MDSCs. The prevalence of 

G-MDSCs followed the same general trend as for M-MDSCs (Figure 70F). In the spleen, 

adoptive transfer of WT-MDSCs into WT did not results in increased total MDSCs, but the 

addition of IL-13-/- MDSCs led to higher levels (Figure 70G). Total MDSC levels were also not 

different between IL-13-/- with or without WT MDSCs. Interestingly, IL-13-/- MDSC injection 

into WT resulted in more M-MDSCs than WT MDSC transfer (Figure 70H). IL-13-/- mice had 

more M-MDSCs in the spleen (Figure 70H). G-MDSCs were not remarkable between groups 

(Figure 70I). Overall, these results indicate that in N. brasiliensis infection deletion of IL-13 

alters MDSCs both in terms of their function, but also related to their ability to circulate and 

traffic. 
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Figure 69: N. brasiliensis infection with WT or IL-13-/- MDSC adoptive transfer. 

A. WT and IL-13-/- mice were i.v. injected with WT or IL-13-/- MDSCs and then inoculated with 

N. brasiliensis. EPG were measured at indicated days. B. Day 7 egg counts. C. IgE was 

measured in the serum at day 14 after infection. ***p<0.001, **p<0.01, *p<0.05, One-way 

ANOVA with Tukey’s post hoc test.  
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Figure 70: MDSCs levels after adoptive transfer and N. brasiliensis. 

Liver (A – C), PB (D – F), and Spleen (G – I) from WT and IL-13-/- mice from Figure 69 were 

examined for total MDSCs (A, D, G), M-MDSCs (B, E, H), and G-MDSCs (C, F, I) by flow 

cytometry at day 14 after infection. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 one-way 

ANOVA with Tukey’s post hoc test.  
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2.1.4 Discussion 

Our lab has demonstrated the substantial connection between MDSCs and MCs 

particularly with respect to diminishing anti-tumor immunity and enhancing clearance of N. 

brasiliensis. We show that without MCs, MDSCs are unable to perform either of these functions. 

Precisely how the MC is exerts its influence is still unknown, but we examine two key mediators 

made by MCs, histamine and IL-13, and their effect on MDSCs. Histamine receptor antagonism 

blocked enhanced clearance by MDSCs as well as the promotion of tumor growth167. We also 

see that in human patients with indolent systemic mastocytosis and allergies, MDSCs are 

expanded in the peripheral blood (Figure 60). These data provide strong evidence for the role of 

histamine in MDSC function. The data with respect to IL-13 has been more difficult to interpret 

and is likely due to the fact that IL-13 plays a multifactorial role and redundancy of certain 

functions with IL-4. Environmental loss of IL-13 has clear effects on MDSC trafficking, though 

intrinsic IL-13-deficiency also affects MDSC function. 

In the tumor models we used to study IL-13-/- and WT mice, we found differing results. 

We found few differences between WT and IL-13-/- mice with B16 tumor models (Figure 62). 

With LLC flank and colonization models, IL-13-/- mice had more MDSC circulating in the 

peripheral blood (Figure 61). These results correlated with less tumor burden in the IL-13-/-. We 

hypothesized that IL-13-/- MDSCs were less effective at promoting tumor growth and/or MDSCs 

in IL-13-/- mice were not receiving the proper signals they needed to traffic to the tumor and 

other homeostatic niches. We show evidence that IL-13-/- MDSCs are indeed less suppressive 

than WT MDSCs (Figure 65), though the magnitude of this difference likely is not responsible 

for changes in tumor burden.  
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MDSCs egress from the bone marrow and circulate through the blood and spleen to the 

tumor microenvironment to exert the anti-tumor immune suppression229. Stimuli from tumors 

that govern this migration have been well characterized and are related to the expansion of 

myeloid cells and as well as inflammatory cytokines. Once generated MDSCs are relatively 

short-lived, and thus require additional signals to persist230. Several groups report that MDSCs 

accumulate and have a survival advantage within the liver226,228,231. We demonstrate that WT 

MDSCs home less effectively to the liver in IL-13-/- mice compared to WT (Figure 67). This 

accumulation in the liver is thought to be due CCL2/CCR2 signaling231. Liver tissue from IL-13-

/- mice had significantly less expression of Ccl2, but Ccr2 levels on IL-13-/- MDSCs were 

unchanged (Figure 68). Further, we show that different tumor models also express varying levels 

of Ccl2. LLC, the tumor model which we see the largest effect of IL-13 deficiency, expresses 

more Ccl2 than B16 melanoma, a model in which we see little effect in IL-13-/- mice (Figure 68). 

Beyond homeostasis in the liver, Ilkovitch et al. propose that in the liver MDSCs interact with 

liver macrophages and Kupffer cells, which increase the suppressive capacity of the MDSCs226. 

Without out the interaction in the liver, IL-13-/- MDSCs do not get these cues, potentially 

explaining the less suppressive capacity observed (Figure 65) and smaller tumor burden (Figure 

61). 

With histamine receptor antagonism, the MDSCs were unable to enhance parasite 

clearance (Figure 59). We suspected that IL-13-/- MDSCs might not be able to promote clearance 

as they were less suppressive of T cell proliferation. However, when IL-13-/- MDSCs were 

adoptive transferred into WT mice, they improved parasite clearance to a similar extent as WT 

MDSCs (Figure 69A, B). This indicated that IL-13 made by the MDSCs is responsible for these 

effects and that different mechanisms were involved suppression of T cell proliferation and 
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enhancement of N. brasiliensis clearance. This was further supported by examining the location 

of the MDSCs after adoptive transfer. We found that after transfer of IL-13-deficient MDSCs 

into WT during helminth infection, there were more total and M-MDSCs in the spleen compared 

to WT given WT MDSCs (Figure 70G, H). However in the liver, we found no differences in the 

abundance of MDSCs after adoptive transfer (Figure 70A-C). These results are in contrast to the 

LLC and B16 tumor models, but may represent differences between the signals in parasite 

infection and tumor growth and metastasis. 

We demonstrate that MC mediators, histamine and IL-13, affect the function of MDSCs 

to enhance N. brasiliensis clearance and promote tumor. The interaction between MDSCs and 

MCs is critical to understanding the tumor microenvironment and how MDSCs exert their anti-

tumor effects.  
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Chapter 2: DNA methyltransferase inhibitor decitabine alters the immunoregulatory 

function of myeloid derived suppressor cells 

2.2.1 Introduction 

Despite substantial improvement in breast cancer therapy over the past three decades, invasive 

disease continues to affect over 200,000 American women each year232. Advances in adjuvant 

therapy have improved outcomes, but for metastatic disease available therapies remain palliative.  

Current treatments in general are hampered by tumors evading immune mediated attack. Two 

major strategies employed by tumors are immunoediting and induction of immunosuppressive 

cells. Immunoediting refers to genetic or epigenetic alterations in tumor antigen expression in 

order to reduce immunogenicity and occurs normally to aid tumor cells evade immune 

surveillance. Epigenetic changes can occur through excessive deacetylation of histones or 

through extensive methylation of genes. Inhibition of the enzymes that catalyze these epigenetic 

modifications are currently being tested in clinical trials in conjunction with immunotherapies. 

Recent trials have begun utilizing DNA methyltransferase inhibition (DNAMTi) in conjunction 

with immunotherapies for squamous cell carcinoma and multiple myeloma233,234. Tumor cells 

can also produce cytokines and growth factors that lead to the expansion of immune cells, which 

inhibit anti-tumor immune responses. Regulatory T cells (Tregs), tumor associated macrophages 

(TAMs), and MDSCs are among the suppressive immune cells generated which have been 

shown to inhibit anti-tumor immunity229. 

Modification of both of these evasion strategies is an attractive supplement to current 

therapies that may improve outcomes. In recent publications by our group and others have 

presented evidence for DNA methyltransferase inhibition therapy reversing the downregulation 

of Her2/Neu235 on 4T1 murine breast carcinoma cells and MHCII on CD11b+ myeloid 
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cells236,237. Both of these studies found an improvement of anti-tumor immune responses. 

MDSCs are a heterogeneous population of immature myeloid cells, which arise from the bone 

marrow and have been shown to suppress anti-tumor immunity. Murine MDSCs are defined by 

surface marker expression of CD11b+ and Gr-1+, and can be further divided into monocytic (M-

MDSCs, CD11b+ Ly6Chi Ly6G-) and granulocytic (G-MDSCs, CD11b+ Ly6Clo Ly6Ghi) 

subsets185. Integral to the mechanism is their ability to suppress immune responses. Several 

mechanisms have been implicated: depletion of L-arginine by the enzyme arginase186,187, 

generation of soluble oxidizers188,190,191,238, reduction of T cell migration and viability170,192,194, 

and the induction of Tregs195. Because MDSCs are immature, with appropriate signals can be 

stimulated to differentiate239. MDSCs, like the other immune suppressive cells, are typically 

found within the tumor microenvironment as well as in circulation. These circulating MDSCs 

aggregated with tumor cells may seed and prepare metastatic sites. Given their plasticity and 

proximity to tumor cells, we propose to alter MDSCs with DNA methyltransferase inhibitors to 

be less suppressive and promote their ability to generate anti-tumor immune responses. 

2.2.2 Materials and Methods 

2.2.2.1 Mice 

Mice were maintained at VCU animal facility in accordance to guidelines by the National 

Institutes of Health and American Association for the Accreditation of Laboratory Animal Care. 

WT Balb/c (Stock No. 000651) and C57BL/6 (Stock No. 000664) were purchased from Jackson 

Lab. C57BL/6 ADAM10 transgenics (A10Tgs) were generated as previously described159. All 

mouse protocols were approved by VCU Institutional Animal Care and Use Committee. 
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2.2.2.2 4T1 tumor inoculation 

The 4T1 mammary tumor cell line used was provided by Dr. Jane Tsai of the Michigan Cancer 

Foundation (Detroit, Michigan). Cells were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) with 10% heat-inactivated fetal calf serum (Hyclone, Logan, UT), 1mM sodium 

pyruvate, 100U/mL penicillin, and 100µg/mL streptomycin (Sigma, St. Louis MO) (modified 

DMEM). Tumor cells were harvested for inoculation of mice with 0.05% trypsin–EDTA (Fisher, 

Pittsburgh, PA). To establish 4T1 flank tumors, 2.5 × 104 4T1 cells were injected in PBS 

suspension i.d. over the flank235. 

2.2.2.3 Decitabine treatment 

For experiments to assess tumor-induced MDSC expansion in vivo, tumor-bearing mice were 

either untreated or treated with decitabine 15µg i.p. daily on days 10-13; mice were euthanized 

on day 15235. 

2.2.2.4 MDSC isolation and in vitro culture with decitabine 

MDSCs were isolated from spleens of A10Tg by negative selection using CD90.2 microbeads 

(Miltenyi Biotec) or positive selection with biotin anti-Gr-1 (clone RB6-8C5)/anti-biotin bead 

positive selection (Miltenyi Biotec). A10Tg MDSCs were cultured with 10ng/mL GM-CSF 

(Peprotech) and DMSO (vehicle), 2.5, 5, or 10µM decitabine (EMD Millipore) in cRPMI. Media 

was changed every two days with fresh GM-CSF and decitabine. 

2.2.2.5 Flow cytometry 

Antibodies included FITC anti-mouse Gr-1 (RB6-8C5); PE anti-mouse Gr-1 (RB6-8C5); APC 

anti mouse Ly6C (HK1.4), anti-mouse Ly6G-FITC (1A8), BUV395 anti-mouse CD11b (clone 

M1/70), PE-Cy7 anti-mouse CD86 (clone GL-1), BV421 anti-mouse I-A/I-E (clone 

M5/114.15.2), BV510 anti-mouse F4/80 (clone BM8), PE anti-mouse ICOSL (clone HK5.3), 
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APC anti-mouse OX40L (clone RM134L), and BV711 anti-mouse CD11c (clone N418). Flow 

cytometric analysis was performed using the LSRFortessa X-20 (BD Biosciences, San Jose, CA, 

USA). Data analysis was conducted using FlowJo v7.6.5. 

2.2.2.6 qPCR 

RNA from MDSCs was isolated using TRIzol reagent (LifeTech) according to manufacturer’s 

instructions. cDNA was reversed transcribed using oligodTs and Superscript IV (Lifetech). 

Taqman probes used are in Table 9. 

2.2.2.7 Statistical analysis 

Statistical analyses were conducted using Graphpad Prism 6. Error bars represent the standard 

error of the mean (SEM). A horizontal line with a symbol representing the p value indicates 

statistical comparison. For pairwise comparisons, Student’s t tests were performed for normally 

distributed data. For multiple comparisons, one-way or two-way ANOVA tests with Tukey’s 

post hoc were performed for normally distributed data. All tests are noted in figure legends. 
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Table 9: Probes 

 Product #5 
Arg1 Mm00475988_m1 
Tgif1 Mm01227699_m1 
Il10 Mm01288386_m1 
Il4 Mm00445259_m1 
Il13 Mm00434204_m1 
Gapdh Mm99999915_g1 
  

                                                
5 Product number for Taqman probes purchased from LifeTech. 
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2.2.3 Results 

4T1 tumor-bearing mice treated with decitabine 

A recent publication from our lab demonstrated in a murine 4T1 tumor model that decitabine 

increased the expression of Her2/Neu and MHCI on tumor cells, enhanced adoptive 

immunotherapy235, and reduced MDSC burden in the spleen and circulation (Figure 71). These 

studies showed the effect of decitabine on increasing tumor immunogenicity, and thus enhancing 

the anti-tumor immune response. Other groups using combinations of DNAMTi, histone 

deacetylase (HDAC) inhibition, and immune checkpoint inhibition have also demonstrated 

reductions in MDSCs.   
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Figure 71: Decitabine treatment in vivo reduces MDSC burden in 4T1 tumor bearing mice. 

A. Representative dot plot of splenocytes from decitabine treated or untreated 4T1 tumor bearing 

mice stained with anti-Gr-1 and anti-CD11b. B. Total splenocytes counts from decitabine treated 

and untreated 4T1 tumor bearing mice. Total number of MDSCs in the spleen (C) and 

percentages of MDSCs in the spleen, liver, and blood are shown from decitabine treated or 

untreated 4T1 tumor bearing mice235. 
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MDSCs from decitabine-treated tumor bearing mice 

As MDSCs are immature myeloid cells that can be differentiated, we aimed to understand if 

decitabine was affecting the MDSCs in addition to the reduction in numbers. We isolated 

MDSCs from 4T1 tumor-bearing mice that were treated with decitabine or control and examined 

their expression of cytokines and enzymes known to be important for MDSC functions235. We 

did not find differences in Tgfb, Il10, Il4, or Il13 expression between control and decitabine 

treated MDSCs (Figure 72A). We did see less Arg1 expression (Figure 72A), which led us to 

examine the suppressive capacity of these MDSCs. We co-cultured vehicle control and 

decitabine-treated MDSCs from 4T1 tumor-bearing mice with CFSE-labeled T cells from 

healthy controls on anti-CD3ε coated plates for 72h. At a low ratio of T:MDSCs, control and 

decitabine-treated MDSCs did not suppress T cell proliferation (Figure 72B). However at a the 

higher ratio of 1:5 T:MDSCs, control MDSCs suppressed twice as much T cell proliferation as 

decitabine-treated (Figure 72B). 
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Figure 72: MDSCs from decitabine-treated mice are less suppressive. 

MDSCs were isolated from the spleens of control and decitabine-treated 4T1 tumor-bearing 

mice. A. Expression of indicated genes relative to Gapdh was measured in MDSCs. B. CFSE-

labeled T cells from healthy control mice were co-cultured with MDSCs from control or 

decitabine-treated mice at the indicated ratios (T:MDSCs) on anti-CD3ε (1µg/mL) coated plates. 

After 72h of culture, proliferation was assessed by dilution of CFSE by flow cytometry, and 

percent divided was calculated. *p<0.05, unpaired, Student’s t test. 

  

Arg1 TGFβ IL-10 IL-4 IL-13
10-6
10-5
10-4
10-3
10-2
10-1

R
el

at
iv

e 
E

xp
re

ss
io

n 
(o

ve
r 

G
ap

dh
)

Splenic MDSCs 4T1-Balb/c

Control
Decitabine*

1:0.1 1:5 1:0.1 1:5
0

20
40
60
80

100

T Cell suppression

T:MDSC

P
er

ce
nt

 D
iv

id
ed

Decitabine
Control

*

A. B. 



 220 

Decitabine-treated MDSCs in vitro 

The results of the T cell suppression using MDSCs from in vivo decitabine treatment were 

intriguing, but decitabine treatment causes a drastic reduction in MDSCs and few are left for 

characterization. We utilized A10Tg mice, which have large numbers of MDSCs without tumor 

as a source of MDSCs to further study, the effects of decitabine159. Thus these mice are a 

valuable source of MDSCs that are not from tumor-bearing hosts, but have been demonstrated to 

be equivalent to their tumor-derived counterparts166. We cultured MDSCs with 0 (vehicle), 2.5, 

5, and 10µM decitabine and 10ng/mL GM-CSF for 1 week and then co-cultured them with 

violet-labeled T cells on an anti-CD3ε coated plate with anti-CD28 in the media for 96h. Only 

live cells were used in the T cell suppression assays. At low ratios of T:MDSCs, decitabine- and 

vehicle-treated MDSCs were unable to block anti-CD3ε/28 stimulated T cell proliferation. 

Beginning at the 1:0.1 (T:MDSCs) ratio vehicle-treated MDSCs suppressed virtually all T cell 

proliferation. However, 10 to 50 fold more decitabine treated MDSCs were required to suppress 

T cell proliferation to a similar extent (Figure 73). These data demonstrate that independent of 

the reduction of MDSC numbers, decitabine also impairs the suppressive function of MDSCs. 

  



 221 

 
Figure 73: In vitro decitabine treatment of MDSCs reduces their ability to suppress T cell 
proliferation. 

MDSCs from ADAM10Tg mice were incubated with indicated concentrations of decitabine for 1 

week. MDSCs were washed, counted, and co-cultured with Tag-It Violet labeled T cells with 

anti-CD3/CD28 stimulation. Percent divided was measured by dye dilution by flow cytometry 

after 96hrs of culture. Error bars represent SEM. 

  

1:0.01 1:0.05 1:0.1 1:0.25 1:0.5 1:1 1:2 1:5
0

20

40

60

80

100

T:MDSC

%
 D

iv
id

ed

0uM Dec
2.5uM Dec
5uM Dec
10uM Dec



 222 

In vitro decitabine treatment of MDSCs 

Given these striking results that treating a tumor-bearing mouse with the DNAMTi decitabine 

alters both the prevalence and function of MDSCs, we aimed to examine other changes in the 

MDSCs. We first examined the expression of molecules associated with antigen presentation, 

MHCII and the costimulatory molecule CD86. As in Figure 73, we cultured ADAM10Tg 

MDSCs with 0 (vehicle), 2.5, 5, and 10µM decitabine and 10ng/mL GM-CSF. We then analyzed 

the expression of MHCII and CD86 by flow cytometry. Directly ex vivo, the MDSCs did not 

express MHCII. However, with all doses of decitabine we found a significant increase in the 

percentage of MDSCs that expressed high levels of MHCII (Figure 74A, B). Further, these 

MHCIIhi MDSCs also expressed CD86 (Figure 74C, D). This was only present when the MDSCs 

were cultured with decitabine. Interestingly, culturing MDSCs with decitabine did not alter the 

percentages of cells that were CD11b+ Gr-1+ as was seen in with in vivo treatment, though these 

were only 7 day cultures (data not shown). These data suggest that in addition to reducing the 

suppressive ability of MDSCs, decitabine can potentially make MDSCs into antigen presenting 

cells.  
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Figure 74: In vitro Decitabine treatment of MDSCs increases their expression of MHCII 
and CD86. 

MDSCs from ADAM10Tg mice were incubated with indicated concentrations of decitabine for 1 

week with 10mg/mL GM-CSF. A. Representative dot plots are shown for MHCII expression on 

MDSCs directly ex vivo and at each concentration of decitabine. B. Summary data of MHCII 

expression. C. Representative histogram of CD86 expression on MDSCs is shown and summary 

data in (D). Error bars represent SEM, ANOVA with Bonferroni multiple comparisons test, **** 

p<0.001, **p<0.01, * p<0.05,  
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Effect of in vivo decitabine treatment of tumor-bearing mice on MDSCs 

To confirm the results of in vitro treated MDSCs, we treated 4T1 tumor-bearing mice with 

decitabine and with guadecitabine. Guadecitabine contains an additional guanine compared to 

decitabine, which increases its half-life in the body and potentially lengthens the exposure to 

tumor. It is currently in clinical trials for treatment of solid tumors, hematologic malignancies, 

and lymphomas240,241. In addition to testing if decitabine treatment in vivo would lead to similar 

changes in MDSCs as in vitro treatment, we also wanted to examine if guadecitabine had similar 

effects. Consistent with our previous results, we found that treatment of 4T1 tumor-bearing mice 

with decitabine dramatically decreases the number and percentage of MDSCs. Both 

guadecitabine groups performed equivalently in terms of MDSC reduction (Figure 75A, B). We 

then looked at expression of MHCII and CD86, similar to the in vitro treatment. Again we found 

robust increases the expression of both MHCII and CD86 (Figure 75C, D, E). We also examined 

two other costimulatory molecules, ICOSL and OX40L, which have been shown to promote TH2 

immune responses. Interestingly, only the guadecitabine i.p. group had increased expression of 

ICOSL, and OX40L was increased in all groups compared to no treatment (Figure 75F, G). We 

also examined the proportions of B, CD4+ T, and CD8+ T cells in the spleen and found that 

decitabine- and guadecitabine-treated had a larger percentage of B cells. The guadecitabine s.c. 

group had an increase in CD4+ T cells (Figure 75H). Though these changes may be due to the 

overall decrease in splenocyte number in the DNAMTi-treated groups. When we examined the 

type of MDSC was most affected by the various treatments, G-MDSCs were present at a higher 

percentage of total MDSCs in the no treatment group and decreased by over an order of 

magnitude with treatment with any of DNAMTi (Figure 75I). M-MDSCs were also reduced by 

all treatments, but only by approximately half (Figure 75I). These results indicate that decitabine 
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and guadecitabine treatments in vivo reduce MDSCs especially G-MDSCs and increase MDSC 

expression of MHCII and costimulatory molecules.  
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Figure 75: In vivo treatment with decitabine and guadecitabine affects MDSC levels and 
surface molecule expression. 

4T1 tumor-bearing mice were treated with decitabine, guadecitabine (i.p.), or guadecitabine 

(s.c.). A. and B. MDSCs in the spleen were assessed by flow cytometry at day 18 after tumor 

inoculation. C. Representative histograms for the expression of MHCII, CD86, ICOSL, and 

OX40L on MDSCs in the spleen from treatment groups: no treatment (grey, filled), decitabine 

(black), guadecitabine i.p. (blue), and guadecitabine s.c. (red). D. – G. Combined data from (C). 

H. Relative percentages of splenic B cells (B220+ CD11b-), CD4+ T cells (B220- CD11b- CD4+ 

CD8-), and CD8+ T cells (B220- CD11b- CD4- CD8+). I. Proportions of G- and M-MDSCs in the 
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spleen. ****p<0.0001, *p<0.05, one-way ANOVA with Tukey’s post hoc test (D-G), two-way 

ANOVA with Tukey’s post hoc test (H, I). 
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2.2.4 Discussion 

Our results demonstrate that treatment of tumor bearing mice with the DNAMTi 

decitabine reduces MDSC burden and increases expression of MHCII and costimulatory 

molecules. Further, decitabine treatment also reduced the suppressive capacity of MDSCs. These 

data represent part of the promise of utilizing epigenetic modification to enhancing anti-tumor 

immunity and immunotherapy.  

Another DNAMTi, azacytidine, has been used to increase tumor antigenicity and was 

also shown to reduce MDSC in tumor models242. Interestingly, azacytidine only decreased 

MDSC levels when in combination with immune checkpoint inhibitors. Azacytidine alone or 

with the histone deacetylase (HDAC) inhibitor etinostat were unable to change the percent of 

MDSCs242. Azacytidine and decitabine are remarkably similar and as the mechanism for the 

MDSC reduction with decitabine is unknown, it is difficult to explain the differing results with 

the two drugs. 

 Several strategies have been employed to reduce MDSC numbers as well alter their 

function. Two main strategies are used to affect MDSC function: inhibiting suppressive enzymes 

and differentiating MDSCs into non-suppressive cell types243. The drug AT38 targeted reactive 

nitrogen species by downregulating Arg1, iNOS, and peroxynitrite in MDSCs. and nitroaspirin 

reduced levels of these in MDSCs. Treatment of tumor-bearing mice with a phosphodiesterase-5 

inhibitor correlated with less expression of suppressive enzymes in MDSCs, but the mechanism 

was not elucidated. There have also been reports of differentiating MDSCs to other non-

suppressive cell types using various agents, including all-trans retinoic acid244, low dose IFNγ 

and TNFα245, IL-12245,246, and GM-CSF and IL-4247. Each of these groups were able to 

demonstrate that MDSCs treated with their respective agents became positive for MHC II and in 
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some cases costimulatory molecules245. In several of these studies, MDSCs begin to express 

CD11c or F4/80, DC and macrophage markers, respectively246,247. In our experiments, MDSCs 

treated with decitabine did increase the expression of MHCII and CD86, but did not express 

CD11c, F4/80, or NK1.1. The cytokines and growth factors other groups used are often used in 

to differentiate myeloid lineages from bone marrow cells. Thus, it is unsurprising that these 

agents are able to alter MDSCs, which are often considered immature in nature. Though the 

precise mechanism of how decitabine increases the expression, it is likely due to a different 

mechanism than these growth factors. 

 Overall the studies presented here demonstrate the promise of using decitabine to reduce 

MDSCs burden. We demonstrate that in vivo and in vitro treatment alter MDSC numbers and 

function in tumor-bearing mice. Further we increase the expression of factors required to present 

antigen and stimulate adaptive responses.  
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