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ABSTRACT OF THE DISSERTATION

Interleukin-17D mediates anti-bacterial immunity in Group A Streptococcus infection

by

Allen Washington, Jr.

Doctor of Philosophy in Biomedical Sciences

University of California San Diego, 2019

Jack D. Bui, Chair

Interleukin-17D (IL-17D) is a cytokine in the IL-17 family that is conserved in
vertebrates and invertebrates. In contrast to IL-17A, which is expressed in T cells, IL-17D is
expressed broadly in non-immune cells. IL-17D can promote immune responses to cancer and
viruses in part by inducing chemokines that recruit natural killer cells and neutrophils. Although
bacterial infection can induce IL-17D in fish and invertebrates, the role of mammalian IL-17D in
anti-bacterial immunity has not been established. In order to determine whether IL-17D has a
role in mediating immunity against bacterial infections, we studied intraperitoneal infection by
Group A Streptococcus (GAS) S. pyogenes in wild-type (WT) and IL-17D-deficient mice. We
found that mice deficient in IL-17D tended to lose more weight and have decreased survival
compared to WT animals after GAS infection. In addition, IL-17D deficient animals had
increased bacterial burden in the kidney and peritoneal cavity after GAS infection compared to

WT animals. In WT animals, IL-17D transcript could be induced by GAS infection, correlating

Xiv



with increased levels of the chemokine CCL2 and neutrophil recruitment. Notably, GAS-
mediated induction of IL-17D required live bacteria, indicating that recognition of physical
patterns of the pathogen did not mediate induction of IL-17D. Altogether, our results
demonstrate a role for IL-17D in sensing replicating bacteria and inducing immune responses

important in clearing bacteria in distant organs.
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CHAPTER I: CONSERVATION OF INTERLEUKIN-17 IN ANIMAL IMMUNITY

Conservation of Interleukin-17 in the animal kingdom

Early stage immune responses can dictate the severity and outcome of inflammatory
processes such as tumor growth and viral infection. Cytokines such as the interleukin (IL)-17
family cytokines and cellular stress defense (e.g., anti-oxidant) pathways have evolved early and
regulate disease surveillance in vertebrates and invertebrates as far back as Caenorhabditis
elegans. Fig. 1.1 shows a summary of select animals spanning vertebrates and invertebrates that
have been found to express interleukin, IL.-17, based on sequence homology.
The role of IL-17 in animal immunity

The IL-17 family of cytokines acts by inducing genes that recruit and activate immune
cells (1). Each individual IL-17 cytokine seem to participate in distinct yet overlapping anti-
pathogen responses, is induced by different pathways, and can be secreted by immune and non-
immune cells. IL-17A and IL-17F are made by Th17 cells and promote inflammatory responses
to combat extracellular bacteria and fungi. IL-17C has autocrine activity on epithelial cells to
produce antibacterial peptides as well as pro-inflammatory molecules to mediate downstream
activities similar to IL-17A/F (1). IL-17E (aka IL-25) is remarkably distinct, attending towards
allergic and autoimmune-type (Th2) responses that have risen from the role of anti-parasite
immunity. The activities for IL-17B is emerging but seem distinct from other IL-17 family
members.

Protein sequence analyses and challenge experiments in teleosts and invertebrates have
positioned IL-17 cytokines as early-evolved immune activators, along with tumor necrosis factor
(TNF) (2). For example, IL-17 homolog expression, similar to TNF, can be found in

invertebrates such as the sea urchin that express few other cytokines and lack chemokines and



interferons (IFNs) (3). Given that invertebrates experience both bacterial and viral infections (4,
5), the lack of IFNs and most other cytokine and chemokine genes suggests that IL-17s (and
TNF) must subserve the primordial surveillance of extracellular and intracellular pathogenic
insults. Most notably, sea urchin has over 200 TLRs and over 20 IL-17 genes (more than 3 fold
compared to human IL-17 genes), which suggests synergistic qualities between the two ancient
innate immune activators (3).

In fact, several studies have shown IL-17 homologs to participate prominently in
vertebrate and invertebrate innate immunity. Teleosts (e.g., trout) and invertebrates (e.g., oyster)
respond strongly to bacterial and viral challenges with a robust increase in IL-17 homologs (2,
4). In particular, IL-17D is highly conserved (>50%) in teleost sequences compared to other IL-
17 sequences and constitutively expressed throughout the body in some species such as zebrafish
and salmon (2). This observation may indicate a homeostatic role for IL-17D or a distinct
function for fish IL-17D; mammalian IL-17D is not constitutively expressed and is not expressed
throughout the body in mammals (2).

IL-17D mediates stress response

We have previously demonstrated that IL-17D protects the host by recruiting NK cells to
suppress tumor growth (6, reviewed in 7). This is consistent with the observation of elevated IL-
17D expression in infected fish and invertebrates, which is essentially a response to an
‘abnormal’ event that pose danger to the whole organism. We have also previously found that
IL-17D is regulated by the transcription factor nuclear factor erythroid-derived 2-like 2 (Nrf2), a
well-characterized master regulator that is activated by oxidative and xenobiotic stress (8, 9,
reviewed in 10). Nrf2, activated by stress molecules such as reactive oxygen species, acts by

turning on anti-oxidant responses. Since IL-17 cytokines developed early in evolution, the



pathway involving IL-17D and Nrf2 suggests an intricate network that involves conserved
antioxidant responses and innate anti-pathogen responses. Fig. 1.2 shows a summary of the
regulation and function of the IL-17 family members (adapted from (10)).

IL-17D and Nrf2 confers anti-tumor and anti-viral immunity

In fact, Nrf2 binding site, which are known anti-oxidant response elements (ARE)
sequences, are found in the promters and introns of human and murine i//7d gene (8). Nrf2
binding sites we found corresponded to predicted anti-oxidant response elements (AREs), and
accordingly, the oxidative stress inducer hydrogen peroxide and Nrf2 activator tert-
butylhydroquinone (tBHQ) induced IL-17D in vitro and in vivo. Nrf2 and IL-17D were also
upregulated after vaccinia virus (VV) and mouse cytomegalovirus (MCMV) infection of cultured
cells and in vivo VV scarification. In cancer cells derived from chemical 3- methylcholanthrene
(MCA) tumorigenesis experiments, il/7d, Nrf2, and its known target gene heme oxygenase
(hmox) 1. Notably, 1l17d-/- mice were more susceptible to MCA-induced cancer, cleared VV-
infected scars slower, and lost more weight after systemic MCMYV infection compared to WT
animals (8).

Applying a tBHQ-containing skin cream activated Nrf2, and also induced IL- 17D in
established tumors. We observed significant inhibition on tumor growth after tBHQ treatment,
and this depended on both Nrf2 and IL-17D (8). We could narrow down the effect to be tumor-
intrinsic because it was prevented when nrf2 knock- down or il/7d deficient cancer cells were
transplanted. We had previously shown that forced expression of IL-17D in tumor cells induced
rejection by recruiting tumor-fighting NK cells (6, 7). Similarly, topical application of tBHQ

cream recruited NK cells to tumors, and this was prevented if the tumors lacked Nrf2 or IL- 17D

(8).



We had hypothesized that the presence of IL-17D orthologs in invertebrate species that
lack most other cytokines, including IFNs, meant that IL-17D must have anti-pathogen activity.
Our previous studies confirm that IL-17D is required for optimal antiviral immunity (8, 9).
Whether it also participates in immunity against other pathogens, such as intracellular bacteria, is
not known. Although we have identified NK cells as a primary target for IL-17D, it is likely that
other antiviral pathways are induced by IL-17D. Further studies on the genes induced
downstream of IL-17D will elucidate the mechanism of how it protects the host from viral
infection. We speculate that similar to IL-17C’s induction of defensins and anti-bacterial
cathelicidins, IL-17D should induce antiviral genes such as nucleases or other IFN-induced
genes. Moreover, as we have found that tBHQ can induce Nrf2 and IL-17D in the therapy of
cancer, this strategy could work for local viral infection.

Outside of infection, Nrf2 and IL-17D also influence cancer progression. Notably, Nrf2
has been puzzling researchers for decades as a ‘double-edged’ sword that can either promote or
inhibit cancer (23, 73). It is proposed that Nrf2 can either be anti-tumorigenic, by mediating
protection of normal cells against carcinogens, or pro- tumorigenic, by protecting cancer cells
from oxidative stress. Our finding that Nrf2 also induces IL-17D adds a further layer of com-
plexity to its pro- and anti-tumor activities. Importantly, our studies have confirmed that
inducing Nrf2 and IL-17D in established cancers can lead to recruitment of NK cells and cancer
regression. Therefore, we conclude that the anti-tumor activities of Nrf2, when bolstered through
induction of IL-17D, can outweigh its pro-tumor activities in our mouse model. As we elucidate
other regulators of IL-17D and its effector pathways, we can tailor specific therapies to activate

only the anti-tumor activities of Nrf2 and/or IL-17D.



In summary, by showing that Nrf2 and IL-17D are induced after viral infection and that
IL-17D is required for optimal anti-viral responses, we propose that the Nrf2/IL-17D axis
evolved as a mediator of immunity, specifically against intracellular pathogens. Inducing IL-17D
via the activation of Nrf2 by tBHQ might be broadly applicable for the treatment of viral
infection and serve as an immune therapy similar to the observed application in murine cancer.
The specific involvement of Nrf2 and IL-17D in other types of infection as well as other types of
(human) cancers still needs to be determined and will remain an active area of investigation in
the future.

Chapter I, in part, is an adapted version of the material published in: Seelige R,
Washington A Jr, Bui JD. The ancient cytokine IL-17D is regulated by Nrf2 and mediates
tumor and virus surveillance. Cytokine. 2017;91:10-12. The dissertation author was a co-first

author of the manuscript.
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Figure 1.1 IL-17 in the evolution of animal immunity. The presence (black) or absence
(white) indicates presence of each IL-17 homolog (IL-17A, IL-17F, IL-17B, IL-17D, IL-17C,
and IL-17E (aka IL25)) cytokines in vertebrates and invertebrates. IL-17N and IL17A/F1 are
exclusively found in teleosts. Identification of additional IL-17 homologs in sea urchin, oyster,
and nematode are still ongoing.
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Figure 1.2 IL-17 in the evolution of animal immunity. Previous work by colleagues in the Bui
lab uncovered a novel role for IL-17D in surveillance of nascent tumors and viral infection.
Oxidative stress by tBHQ (tert-butyl hydroquinone) activates the anti-oxidant transcription
factor, Nrf2, which induces IL-17D expression. IL-17 cytokines are known to mediate anti-
pathogen responses by active secretion from immune cells and/or non-immune cells.



CHAPTER II: INTERLEUKIN-17D-INDUCIBLE GENES

2.1 Introduction

The circumstance for a cancer cell to grow, metastasize, or reject is contingent on its
interactions with the non-neoplastic tumor microenvironment and the immune system. The
complex interactions between immunity and cancer involve signal molecules such as
chemokines and cytokines that modulate wound healing, immune cell infiltration, and/or
neoplastic cell growth. Previously published data by O’Sullivan and colleagues studied in detail
the transcriptomic divergence between highly immunogenic rejection-inducing sarcomas
(regressors) and the weakly immunogenic sarcoma cells (progressors) (11). Regressors
(‘unedited’) tumors are derived from Rag-/- immune deficient mice, while progressors (‘edited’)
can be derived from WT or immune deficient mice (12). Of particular interest, a pro-
inflammatory cytokine IL-17 family member, IL-17D, was highly expressed in certain regressors
and poorly expressed in progressors (6). Furthermore, IL-17D was demonstrated to promote
regression or growth delay of progressors when forcedly expressed in sarcomas and melanomas
(6, reviewed in 7).

IL-17 cytokines have been mostly found to exhibit pro-inflammatory roles (13,14). IL-
17A and IL-17F bind the same IL-17RA/RC receptor complex; IL-17C activates downstream
signaling through the IL-17RA/RE complex; IL-17E and IL-17B both bind IL-17RB. All three
receptor complexes described above (RA/RC, RA/RE, RA/RB) are known to activate the
signaling molecule NF-xB through Actl-TRAF6-TAK signaling, and thus share common
effector functions such as inducing similar sets of chemokines (15).

Although the receptor complex for IL-17D is not known, Starnes and colleagues have



found that this cytokine functionally overlaps with IL-17A in that it induces NF-kB-associated
canonical effectors such as IL-6 and GM-CSF in human endothelial cells (16). Additionally,
O’Sullivan and colleagues have found CCL2, a chemokine also downstream of IL-17A, to be
induced by IL-17D in mouse endothelial cells (6). We also over-expressed IL-17D in melanoma
cells and detected higher CXCL10 (Fig. 2.2A), a chemokine known to recruit T cells and is
inducible by cytokines such as IFN-y and IL-17A (17,18). Since genes such as 116, Ccl2, and
Cxcl10 have more than one inducer, whether there are uniquely IL-17D-dependent genes are
currently not known. In order to determine whether there are non-overlapping IL-17D-induced
versus IL-17A-induced genes, we performed a differential expression analyses on extracted
mRNA from IL-17A- versus IL-17D- stimulated cell lines. In these experiments, we utilized
mouse endothelial (SVEC) and mouse melanoma (B16) cell lines, since we previously
demonstrated these cell types to respond to IL-17D (6) (Fig. 2.2B).
Results
2.2.1 IL-17D induces canonical pro-inflammatory molecules

In order to establish whether recombinant IL-17D used in our RNA-seq experiment was
functional, various non-immune cells (e.g., fibroblasts, myocytes) in addition to bone marrow-
derived macrophage (BMDM) were stimulated in vitro with IL-17D. First we confirmed that IL-
17D induces Ccl2 in fibroblasts, similar to the degree by IL-17A and IL-17C (Fig. 2.1A).
Although IL-17D did not induce Ccl2 in macrophage (not shown), canonical inflammatory
activity was detected by measuring the transcript level of IL-6 (Fig. 2.1B). IL-17D protein from
mouse sequence shares high homology to rat sequence (78% identical), and thus mouse IL-17D
was sufficient to induce /6 in rat myocytes (Fig. 2.1C). These data demonstrated the

functionality of the recombinant IL-17D used in our RNA-seq experiment.



In order to select the cell line to be used in RNA-seq, we considered B16 due to detecting
autocrine/paracrine response to over-expressed IL-17D from transduced cell line. We performed
microarray analysis by detecting differential gene expression in IL-17D-expressing B16 cells
versus control cells. First, over-expressed IL-17D transcript was confirmed to be higher in
B16.17D cells compared to parent B16.ctrl (~4 fold) in the microarray data (Fig. 2.2A). We
found one chemokine (CXCL10) positively correlated with the expression of IL-17D in B16
cells (Fig. 2.2A). In our following qPCR experiment, GFP overexpressing cell line (B16.gfp)
was used as a control to confirm the microarray result, comparing against B16.17D. Cxcl10
transcript was consistently higher (>6 fold) in B16.17D compared to control in gPCR
experiments, which confirmed the result of the microarray study (Fig. 2.2B). There was no
difference in Cc/2 transcript between B16.17D and control B16 cells in both microarray and
gPCR experiments (not shown).

2.2.2 IL-17D and IL-17A induces some overlapping genes

To investigate the downstream genes of IL-17D by RNA-seq, we stimulated endothelial
cells (SVEC) and melanoma cells (B16) with either recombinant IL-17D or IL-17A. We
observed that IL-17D and IL-17A largely has an inducing effect on SVEC, with minimal down-
regulated genes (Fig. 2.3A). IL-17A is known to induce a suite of chemokines, including Ccl2.
As expected, our RNA-seq data confirmed both IL-17A and IL-17D to have the effect of
inducing Cc/2 in endothelial cells (Supplemental Table I). Unexpectedly, we detected more
down-regulated mRNA than induced genes in B16 cells (Fig. 2.3B, Supplemental Table II).
However, consistent with our microarray result, our RNA-seq data also found that IL-17D (and
IL-17A) induced Cxc/10 in B16 cells (Supplemental Table II). Overall, we found that 11 genes:

Ccl2, Cxcll, Hmgal, Zc3hli2a, Cebpd, Nfkbiz, ler3, Erdrl, Itpkl, Chst7, and H2afj were

10



commonly induced by IL-17A and IL-17D in SVEC cells (Supplemental Table I). In contrast,
only 3 genes: Cxcl10, L1cam, and Slc7all overlapped between IL-17A- and IL-17D-stimulated
B16 cells (Supplemental Table III).
2.2.3 IL-17D induces melanosome-associated genes

Next we re-analyzed the data by sorting differentially expressed genes that are exclusive
to IL-17D. We found genes such as Pax3 and Dct were specifically induced only by IL-17D in
SVECs (Fig. 2.4A). We further re-analyzed the data set by combining SVEC and B16 into one
output, and found 178 genes to be induced by IL-17D (Fig. 2.4B). Separately, we found that in
The Cancer Genome Atlas (TCGA), 780 genes are positively-correlated with IL-17D expression
in melanoma. Between our RNA-seq data and available TCGA data set, 8 genes were found to
be consistently positively correlated with IL-17D expression, including Dct, Pax3, and Sox10
genes. We sought to confirm our result by stimulating various cell lines with IL-17D. We found
IL-17D to induce Dct and Sox10 in SVEC (Fig. 2.5A, 2.5B). Pax3 was confirmed to be induced
by IL-17D in MEF (Fig. 2.5C).
2.3 Discussion

Differentially regulated genes by IL-17D in endothelial cells versus melanoma cells were
identified and confirmed in our analyses through microarray and RNA-seq. As expected,
differences in response to IL-17D versus IL-17A were less distinct for chemokines such as Cc/2
and Cxcl10, which are part of canonical pro-inflammatory responses. Both IL-17D and IL-17A
induced Ccl/2 in endothelial cells; Cxc/10 in melanoma. In contrast, IL-17D but not IL-17A
induced dopachrome tautomerase (Dct). We were able to confirm through qPCR that Dct is
indeed induced in endothelial cells, although not in macrophages, which suggests a tissue-

specific function of non-immune cells that is dependent on cytokines such as IL-17D. Dct is part
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of the melanosome, which is responsible for melanin production in melanocytes and is typically
involved in the physiological regulation of pigmentation, along with other genes such as
tyrosinase. In fact, in our RNA-seq data, we found SVEC stimulated by IL-17D had a higher
transcript level of genes involved in melanogenesis, such as Dct, Gpnmb, Mlana, MIph, Pmel,
and Pax3 (Fig. 2.3).

Melanocytes receive secreted factors (e.g., cytokines and growth factors) from cells such
as endothelial cells, fibroblasts, and keratinocytes, in addition to hormonal signals, to initiate
melanin synthesis (19). Melanogenesis is regulated by transcription factors such as Pax3 and
Sox10 (20), which we also found to be downstream of IL-17D.

Melanin production holds importance not only in the context of a photoprotective and
antioxidant role in the skin, but also as a modulator of inflammation (21). Our observation of IL-
17D inducing the ‘melanosome’ genes may be related to our previous findings on Nrf2 inducing
IL-17D (summarized in Chapter I). Nrf2 is a transcription factor essential in anti-inflammatory
efforts and antioxidant effects (22, 23). We speculate that therefore antioxidant response,
melanin synthesis, and immune cell recruitment (e.g., by IL-17D) are intertwined vestigial
cellular protective mechanism present in animal species. Our data here in Chapter II suggests
that IL-17D may be one of many cytokines that are secreted by the melanocyte environment
(e.g., keratinocytes) to promote protective melanin synthesis.

Chapter II is an adapted version of the material that has been prepared for publication.
Washington A Jr, Shirane K, Chan A, Lee D, Sasaki H, Bui JD. Differential expression analysis

downstream of IL-17D. The dissertation author was the primary author of all material.
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Figure 2.1 recombinant IL-17D stimulates cells to express canonical pro-inflammatory
effectors. (A) Ccl2 transcript measured in mouse embryonic fibroblast stimulated with
100ng/mL IL-17A, IL-17C or IL-17D for 3 hours. (B) 116 transcript measured in bone marrow-
derived macrophage from wild-type C57BL/6 mice stimulated with 50ng/mL IL-17D for 2
hours. (C) 116 transcript measured in neonatal rat ventricular myocytes stimulated with 100-400
ng/mL IL-17D for 3 hours. Data shown are mean and SEM. *, P <0.05; **, P <0.01; *** P <

0.001.

13



A B

Cxcl10
107 *

Bl'6 Bl.6 81-6.17D § o -
+sictrl  +si17D +sictrl S |

NG G
2 4

IS S

CXCL10| s o

B16.GFP  B16.17D

Figure 2.2 Canonical pro-inflammatory genes are highly expressed in IL-17D
overexpressing cell line. (A) Microarray of B16 cell line parent control versus transduced IL-
17D over-expressor. siRNA directed at random sequence or I117d was introduced to B16 parent;
Over-expressor cell line (B16.17D) received the siRNA control only. (B) Cxcl10 transcript
measured by qPCR in B16 cell line comparing GFP versus IL-17D over-expressor. Data shown
are mean and SEM. *, P <0.05

14



SVEC + IL-17A SVEC + IL-17D
10
/q')\ . -
= 8 - .
@©
>
= . 6 -
o .
~— ofe
o . ) 47 e
iy . ° '," - o -'t'..'(
“ - 'w
T I ! I T 0 T T T T T
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4
Log2 Fold Change Log2 Fold Change
B16 + IL-17A B16 + IL-17D
12
10
) ]
i 8
2
Q 6
el
~ i M-
3 " -3 4 it
' .S e
S . . .-°
O -
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4

Log2 Fold Change

Log2 Fold Change

Figure 2.3 Genes are differentially induced or suppressed in cells stimulated with IL-17D
versus IL-17A. RNA-seq volcano plot of genes differentially regulated (p<0.01 marked red) by
IL-17D and IL-17A in (A) SVEC and (B) B16 cell lines compared to vehicle treatment.

15



Pfkfb1
Slc24a5
Arfgef3 1
Plekhg6

Pmel

Dct

Miana

Gpnmb 1
Miph
Tspan10
Rplp2
Serf1

Nes
Rnaseh2c
Rn45s
Pax3

TCGA SVEC+B16

Pricklet up Overlap gene list:
2810428115Rik down DCT
Hspa1b
Hspala PAX3
Kank4
2(p580 SOX10
Hotairm1 SMARCA4
Codc85b
. o BAHCC1
A S S, SR . CHERP
g & s 8 28 DAGLA
S PRDM11
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(A) Differntially expressed genes (adjusted p < 0.001) in endothelial cells stimulated by IL-17D
for 6 hours (each lane is pooled triplicate) over vehicle and IL17A-treated cells. (B) Overlap
between genes that are linked with IL-17D expression in The Cancer Genome Atlas (TCGA) and
genes positively-regulated by IL-17D in combined datasets from B16 and SVEC.
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CHAPTER III: INTERLEUKIN-17D PROMOTES SURVEILLANCE OF GROUP A
STREPTOCOCCUS INFECTION
3.1 Introduction

Interleukin (IL)-17 cytokines include 6 members (A-F) that exhibit functional roles in
inflammation, autoimmunity, and cancer (14, 15). In contrast to IL-17A and IL-17F that are
mostly expressed in T cells, IL-17D is expressed broadly in non-immune cells (16). IL-17B and
IL-17C are also expressed in non-immune cells and furthermore, are known to induce similar
sets of genes that are downstream of IL-17A (16, 24-26). IL-17A and IL-17C have been shown
to protect the host from various bacterial species in experimental infection models (26-31). On
the other hand, IL-17E (aka IL-25) promotes immune responses against parasites (32). Although
IL-17B antagonizes IL-17E-mediated inflammation, it is less defined individually in its role in
anti-pathogen response (33).

The role of IL-17D in anti-bacterial immunity is relatively unexplored in mammals.
However, various research involving fish and invertebrate animal models have uncovered a
positive role for IL-17D homologs in anti-bacterial immune responses (2-5, 34-38). Although
most species of fish exhibit constitutive IL-17D expression in various organs, //17d expression
increases in response to bacteria in organs such as the skin and head kidney (3, 34). In addition to
live bacteria, bacterial components such as LPS can induce in vitro ///7d in skin cells of
lampreys in vitro (35). Bacteria seems to induce ///7d expression in invertebrates such as
mollusks and amphioxus as well (4, 36-38). Therefore, we asked whether IL-17D has a role in
mediating immunity against bacterial infections in mammals. We employed an intraperitoneal
infection model to study anti-bacterial responses against Group A Streptococcus (GAS). In order

to study the endogenous activity of IL-17D in anti-microbial immunity, we first sought to
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determine survival and weight loss in IL-17D-deficient mice compared to wild-type mice.
Previously, Seelige and colleagues demonstrated higher viral burden in organs of 1/17d-/- mice
compared to WT mice (9). Thus, some organs that are IL-17D deficient may succumb to worse
infection by pathogens than WT. We therefore investigated bacterial burden in organ
homogenates of GAS-infected mice as a result of lacking IL-17D expression.
3.2 Results
3.2.1 Anti-bacterial immunity is compromised in 1l17d-/- mice

In order to determine whether IL-17D has a role in mediating immunity against bacterial
infection, survival and weight loss was monitored in mice infected by group A Streptococcus.
Absence of 1/17d transcript was confirmed in the knockout organ by qPCR (Fig. 3.1A). We
observed trends in decreased survival in mice lacking IL-17D (Fig. 3.1B). The weight loss in the
knockout mice followed the modest trend of survival. Although no difference in weight loss was
detected after inoculating mice with 5x10° GAS (Fig. 3.2A), relatively higher dose of 10x10°
and 20x10° GAS elicited noticeable, yet non-significant, differences in weight loss (Fig. 3.2B,
3.2C). Previously we had observed that ///7d-/- mice manifest higher viral burden in some
organs after MCMYV infection (9). We hypothesized that some organs would contain a higher
bacterial burden when IL-17D is absent. We determined the optimal assay time point to be at 24
hours, since we did not detect difference at earlier (Shr) time points, but detected significant
difference at 24 hours (Fig. 3.3A, 3.3B). We found that some organs such as the kidney and
peritoneal cavity harbored significantly higher GAS colony forming units (CFU) in the //17d-/-
mice (Fig. 3.3B, 3.4B). At 24 hours, we detected significantly higher bacterial burden in the
kidneys of 1/17d-/- mice compared to WT mice using three different GAS doses, 6x10°, 8x10°,

and 10x10° (Fig. 3.3C, 3.3D). Although we saw higher burden in 1/1 7d-/- kidney and
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peritoneum, other organs such as lung and heart did not exhibit difference in GAS burden (Fig.
3.4A-H). We also did not measure significant differences between //17d-/- and WT in bacterial
burden post 76- and 96- hours i.p. GAS infection in organs examined (Fig. 3.5A, 3.5B).

3.3 Discussion

We demonstrated in Chapter II that IL-17D shares similar downstream pro-inflammatory
effectors (such as Ccl2, Cxcl10) with cytokines such as IL-17A and IL-17C. The slight decrease
in [117d-/- survival after GAS infection suggested that IL-17D may have overlapping functions
with other cytokines that compensated for the absence of IL-17D. The overt phenotype is
therefore likely spared in the absence of IL-17D in GAS-infected mice. However, we saw higher
GAS burden in the //17d-/- kidney, which suggests an organ-specific program that may depend
more heavily on IL-17D for anti-bacterial immunity.

The phenotype of lacking IL-17D was limited to some organs such as the kidney and
peritoneum, as we did not see major differences in bacterial burden in organs such as the spleen
and lung. Our data suggests IL-17D is expressed in the kidney and has a protective effect in
bacterial infection, especially within 24 hours. Although IL-17C is also expressed in kidney
epithelial cells, it has been reported to exacerbate inflammation (39). Experimental fungal
infection found ///7c-/- mice to have higher survival compared to WT, suggesting a role for IL-
17C in exacerbating tissue damage and inflammation (39). Although IL-17 receptors, IL-17RA
and IL-17RC, are protective in candidiasis, IL-17RE (which binds IL-17C) does not confer
protection (40), which further strengthens the view that IL-17C does not play a role in the
resolution of the disease, unlike IL-17A/F. However, protective inflammation may transgress
into excessive inflammation especially during the resolution and recovery phase of tissue injury.

For example, although IL-17A promotes neutrophil migration and is known generally to have
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anti-pathogen immunity, lacking IL-17A is protective in an ischemia-reperfusion injury model
(41). Functionally, IL-17s overlap; however, the degree of inflammation promoted by each seem
to be at a different scale. Both IL-17C and IL-17A/F, for example, promotes LPS-induced toxic
shock, while IL-17D does not (42-44). In light of these previous findings, we speculate that the
modest effect of IL-17D is attributable in part to the complex overlaps in function to other pro-
inflammatory cytokines that leads to similar downstream effectors to control the degree of
inflammation. As we did not observe significant increases in death and weight loss in /11 7d-/-
mice upon opportunistic GAS infection, we speculate that compensatory mechanisms for
immune cell recruitment exists due to functional overlap between other pro-inflammatory
cytokines and IL-17D.

Chapter I1I, in full, is an adapted version of the material that has been prepared for
publication. Washington A Jr, Varki N, Valderrama JA, Nizet V, Bui JD. IL-17D mediates anti-
bacterial immunity in Group A Streptococcus infection. Manuscript in preparation. The

dissertation author was the primary author of all material.
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24



A B (] D
4hrs Peritoneum 24hrs Peritoneum 4hrs Heart 24hrs Heart
6 6 61 69
ns *
E 5 o E 5 050 29 s > y
~ 2d ~ 4 J J le)
S 4 . —e— >* . o) 24 *e o 2 . S
L _ o Oy K3 et — 0© &3 o &% .—% o
o 24 [ ] oo o 24 oo Oo 2 24 2 24
o) 1 (o) 14 e 8’ 14 ° g 14 Y 0pO
S S i (X X} [€a7595%2) a . L X X o
01l—e-e0oe o 0 o000 & o r . v T
WT 1117d-/- WT 1117d-/- WT 117d-/- WT n7a-/-
E F G H
4hrs Lung 24hrs Lung 4hrs Spleen 24hrs Spleen
6 61 61 ns 6 ns
o 5 R e o 54 o ns o 51 (XX Opp0O EJ 5 o
= 4 54 —e*— 8000 I 4 ve o S 4 . —Ceel—
=) —_— ) r¢) -]
2 5 o . ce® 00 5 s %o S 3 2w 000
S 2 gz. 0% e 000° g %] 5’92 (] o
8) 1- [ XY XJ 0000 o 14 ° oo o 14 o000 feYe) 3 1 eg00 o
A | |
0 T T 0 T T 0 T T 0
WT 1117d-/- WT 1117d~/- WT 1117d-/- WT 117d-/-

Figure 3.4 Peritoneal burden in I117d-/- mice is higher than WT; Heart, lung, and spleen
are not significantly different. (A) CFU recovered from peritoneum after 4hours or (B) 24
hours post-GAS infection in WT and 1117d-/- mice. (C) CFU recovered from heart homogenate
after 4 hours or (D) 24 hours post-GAS infection. (E) CFU recovered from lung homogenate
after 4 hours or (F) 24 hours post-GAS. (G) CFU recovered from spleen homogenate after 4
hours or (H) 24 hours (p=0.064) post-GAS. All GAS concentration for i.p. injection was 1x10’
cells per mice. Data shown are mean only and are representative or combined data of at least 2
independent experiments. *, P <0.05
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CHAPTER IV: INTERLEUKIN-17D INDUCES CCL2 AND MEDIATES IMMUNE
RESPONSE AGAINST GROUP A STREPTOCOCCAL RENAL INFECTION
4.1 Introduction

Intraperitoneal injection of pathogens results in rapid recruitment of immune cells
predominated by neutrophils and monocytes. Immune cells in inflammatory events are recruited
as a result of expression of cytokines, such as the IL-17s, that are secreted at the infected site
(14). We have previously found IL-17D to have a role in anti-tumor and anti-viral immunity via
recruitment of NK cells via inducing pro-inflammatory effectors such as CCL2 (aka MCP-1) (6-
10). In fact, /117d-/- mice are thus more susceptible to viral infection and carcinogen-induced
tumor, due to compromised immune cell recruitment to carry out surveillance (8, 9).

Starnes and colleagues have previously found relatively higher base line IL-17D
expression in organs such as brain, muscle, heart, and kidney (16). Since we found higher
bacterial burden in the kidney of 1117d-/- mice (Chapter III), we continued to focus our
investigation on the role of IL-17D in renal infection by GAS. We hypothesized that IL-17D
mediates early anti-bacterial immunity in part by inducing chemokines such as CCL2 and
recruiting neutrophils into the infected site.

4.2 Results
4.2.1 IL-17D induces immune cell recruitment

In order to test whether IL-17D mediates immune cell recruitment in GAS infection, we
utilized the peritoneal injection model in mice. We first observed that recombinant IL-17D i.p.
injection induced Cc/2 in the mesothelial tissue of the peritoneal cavity after 2 hours (Fig. 4.1A)
and neutrophils are significantly higher in the peritoneum at 4 hours after IL-17D injection in

WT and Rag-/- mice (Fig. 4.1B, 4.1C). In fact, intraperitoneal injection of IL-17D increased the
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overall number of CD45+ peritoneal immune cells (Fig. 4.2A) by also increasing the presence of
monocytes and macrophages in the peritoneum (Fig. 4.2B, C), which mirrors the effect of i.p.
injection of IL-17A. At base line, we observed that CD11b" cells predominate the peritoneal
cavity of mice (Fig. 4.3A-C). However, after bacterial infection, Ly6g+ cells (neutrophils)
predominated the peritoneal cavity (Fig. 4.3D).
4.2.2 Group A Streptococcal infection induces CCL2, IL-17D, recruits neutrophils

Since IL-17D can independently recruit neutrophils, we sought to answer whether
bacterial infection induces IL-17D. We first confirmed that IL-17D is induced in the kidney after
GAS infection (Fig. 4.4A). We next asked whether endogenous IL-17D induces Cc/2 in some
infected organs. Indeed, /11 7d-/- kidney displayed ostensible decreases in Ccl2 at 4 hour- and 24
hour- post GAS infection (Fig. 4.4B). Furthermore, although the baseline neutrophil content in
the 7/17d-/- mice is higher (p<0.05) than in WT kidney (Fig. 4.4C), there was a trend for lower
neutrophil numbers (p=0.31) in GAS-infected //17d-/- kidney (Fig. 4.4D). We separately
confirmed the presence of neutrophils in the kidney and spleen infected by GAS via the
intraperitoneal route (Fig. 4.5A, 4.5B). The observation of lower neutrophil is consistent with
lower CD45+ cells (p=0.06) in //17d-/- kidney after infection (Fig. 4.6). Chemokines such as
cxcll and cxcl2 were not dependent upon IL-17D in GAS-infected kidney (Fig. 4.7A, 4.7B). The
kidney injury molecule, which indicates damage to the organ, was not different in WT and I117d-
/- kidney infected by GAS (Fig. 4.7C). Contrary to data obtained for kidney, Ccl2 in spleen was
not IL-17D-dependent (Fig. 4.8A). Similar to kidney, base line neutrophil numbers in the spleen
and peritoneum were trending slightly higher in 7/17d-/- mice, but did not differ from WT
animals after GAS infection (Fig. 4.8B, 4.8C, Fig. 4.9A, 4.9B). Ccl2 in the peritoneal immune

cells after infection was also lower in the /11 7d-/- mice (Fig. 4.9C, 4.9D).
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4.3 Discussion

We found a significant increase in ///7d and Ccl2 upon in vivo GAS infection of the
wild-type (WT) kidney and also detected a trend for lower neutrophil infiltration and relatively
lower Ccl?2 transcript in the /11 7d-/- kidney compared to WT. In our studies, the kidney
demonstrated a relatively lower ratio of immune cells to non-immune cells, compared to organs
such as lungs and spleen. As such, organs with relatively lower resident immune cells may
depend more so on recruitment in the event of a local infection. We showed that recombinant IL-
17D induces Ccl2 in vivo and also recruits neutrophils into the instilled site, which suggests
1117d-/- mice may be impaired in downstream chemokine production at certain sites. Since the
kidney is relatively lower in resident immune cells compared to organs such as lung and spleen,
we speculate that //7/7d-/- mice may face greatest disadvantage in warding off bacterial infection
in organs dependent on effective recruitment of actively responding innate immune cells.
Impaired recruitment or perhaps the accompanying activation by lacking IL-17D at the infected
sites thus translates into higher bacterial CFU we observed in //17d-/- kidney homogenates. Our
present study suggests a role for IL-17D in mammalian anti-bacterial immunity, whereby Cc/2 is
induced and neutrophil is recruited into lesions burdened with actively replicating bacteria,
although it may be compensated for in certain tissues due to overlapping functions with other IL-
17 cytokines.

Chapter IV, in full, is an adapted version of the material that has been prepared for
publication. Washington A Jr, Varki N, Valderrama JA, Nizet V, Bui JD. IL-17D mediates anti-
bacterial immunity in Group A Streptococcus infection. Manuscript in preparation. The

dissertation author was the primary author of all material.
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Figure 4.1 IL-17D induces Ccl2 and recruits neutrophils in the kidney of wild-type mice.
(A) Relative Ccl2 transcript in the peritoneal tissue after i.p. IL-17D injection; n=3. (B) Absolute
neutrophil numbers in the peritoneum of wild-type and (C) Rag-/- mice post 4 hours i.p. IL-17D
injection. Data shown are mean = SEM and are representative or combined data of at least 2

independent experiments. *, P < 0.05; **, P <0.01.
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Figure 4.2 IL-17D and IL-17A similarly recruit monocytes and macrophages in the
peritoneum. (A) Absolute number of CD45+ cells, (B) CD11b+ Ly6C+ monocytes, and (C)
F4/80+ CD11b™ macrophage in the peritoneal exudate after 4 hours i.p. cytokine (500ng)
injection. Data shown are mean = SEM and are representative or combined data of at least 3
independent experiments. *, P <0.05; **, P <0.01; *** P <0.001.
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Figure 4.3 Neutrophils are first responders to bacterial infection in the peritoneum. (A)
Representative image of peritoneal exudate cells (PECs) from 12 weeks old WT and 1117d-/-
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Figure 4.4 IL-17D and Ccl2 are induced and neutrophils are possibly recruited into the
kidney of GAS-infected mice. (A) Relative //17d transcript and (B) relative Ccl2 transcript in
the kidney homogenate after i.p. GAS infection. (C) Absolute number of renal neutrophils in
uninfected (p<0.05) and (D) 24 hours post-infected mice (p=0.31). Data shown are mean + SEM
and are representative or combined data of at least 2-4 independent experiments. *, P < 0.05
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Figure 4.5 Neutrophils are recruited into kidney and spleen after i.p. GAS-infection. (A)
Neutrophil myeloperoxidase (MPO) stain in kidney. (B) WT and 1/17d-/- spleen from mice
infected by GAS after 24 hours via i.p. injection. Representative images (n=4).
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Figure 4.6 Percentage of renal immune cells is lower in GAS-infected 1/17d-/- mice. (A)
CD45 positive cell percentage in peritoneum at base line and (B) 24hrs post-GAS infection
(p=0.06) in WT versus //17d-/- mice. Data shown are mean and SEM and are representative data
of at least 2 independent experiments. *, P < 0.05
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Figure 4.7 Renal Cxcll, Cxcl2, and tissue damage is unaffected in 7/17d-/- mice. (A) Cxcl2
transcript and (B) Cxcll transcript measured in kidney after GAS infection (1x107 i.p.). (C)
Kidney injury molecule, Kim-1, measured after 24 hours GAS infection. Data shown are mean +
SEM and are representative data of at least 2 independent experiments. *, P <0.05
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Figure 4.8 Neutrophil content and Ccl2 in spleen are unaffected in 1/17d-/- mice. (A)
Peritoneal exudate cells from 12 weeks old WT and 1117d-/- mice (n=4). (B) Absolute number of
peritoneal neutrophils at base line (p=0.12) or (C) 24 hours (p=0.72) post-GAS infection (1x10’
1.p.). Data shown are mean + SEM and are representative data of at least 2 independent

experiments. *, P <0.05
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Figure 4.9 Ccl2 transcript in peritoneal cells is lower in 7/17d-/- mice infected by bacteria.
(A) Peritoneal exudate cells from 12 weeks old WT and I117d-/- mice. (A) Absolute number of
peritoneal neutrophils at base line or (B) 24 hours post-GAS infection (1x10” i.p.). (C) Relative
Ccl2 transcript in the peritoneal exudate cells (PECs) from 12 weeks old WT and 1/17d-/- mice
after 4hours i.p. E.coli infection, or (D) 16hrs i.p. GAS infection (1x107). Data shown are mean =

SEM and are representative data of at least 2 independent experiments. **, P <0.01; *** P <
0.001.
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Table 4.1 List of primers for qPCR

Name

Sequence (5’ to 3’)

MOUSE

Gapdh (forward)

GAACGGGAAGCTCACTGGCATGGCC

Gapdh (reverse)

TGTCATACCAGGAAATGAGCTTGAC

Hprt (forward) GCTTGCTGGTGAAAAGGACCTCTCGAAG
Hprt (reverse) CCCTGAAGTACTCATTATAGTCAAGGGCAT
I117d (forward) AGCTTGTCCATGCTGGAGTT

I117d (reverse) CTCTACGGGGAGGAGGACTT

Dct (forward) TTCGCAAAGGCTATGCGC

Dct (reverse)

GTTACTACCCAGGTCAGGCCAG

Pax3 (forward)

AACCCACTACCCAGACATTTAC

Pax3 (reverse) CCAGCTTGTTTCCTCCATCT
Sox10 (forward) CAGGTGTGGCTCTGCCCACG
Sox10 (reverse) GTGTAGAGGGGCCGCTGGGA
Kim1 (forward) CATATCGTGGAATCACAACGAC
Kim1 (reverse) ACAAGCAGAAGATGGGCATTG

Ccl2 (forward)

TAAAAACCTGGATCGGAACCAAA

Ccl2 (reverse)

GCATTAGCTTCAGATTTACGGGT

116 (forward) AGCCAGAGTCCTTCAGAGAGATAC
116 (reverse) TCTTGGTCCTTAGCCACTCCTTC
RAT

Gapdh (forward) | AGACAGCCGCATCTTCTTGT
Gapdh (reverse) CTTGCCGTGGGTAGAGTCAT

116 (forward) TCTCTCCGCAAGAGACTTCCA
116 (reverse) ATACTGGTCTGTTGTGGGTGG
HUMAN

Gapdh (forward)

ACCCACTCCTCCACCTTTGA

Gapdh (reverse)

CTGTTGCTGTAGCCAAATTCGT

Hprt (forward) CAAGCTTGCTGGTGAAAAGGAC
Hprt (reverse) GTCAAGGGCATATCCTACAACAAA
1117d (forward) TGGGCCTACAGAATCTCCTACGACC

I117d (reverse)

TGACGTAGGCCTCGGTGTAGACGG
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CHAPTER V: VIABLE GROUP A STREPTOCOCCUS INDUCES OXIDATIVE STRESS-
MEDIATED INTERLEUKIN-17D EXPRESSION
5.1 Introduction

In order to mount swift action to fight off pathogens, cells recognize the pathogen-
associated molecular patterns (PAMPs) through pattern recognition receptors (PRRs), triggering
a panoply of responses and signaling pathways including for some PRRs the production of
reactive oxygen species (ROS) and cytokines (45). Matzinger further stipulated the distinction of
PAMPs as harmless versus harmful in dictating the degree of inflammation warranted (46).
However, it is currently unclear whether cells respond to pathogen viability: that is, by
discriminating whether the organism is alive or dead. Indeed, at least for immune cells,
increasing evidence point to demonstrable distinction between PAMPs produced by the living
versus the dead, such as RNA and c-di-AMP (47-49). Furthermore, attenuated ROS production
has been observed in epithelial cells infected by adhesion-incompetent or heat-killed GAS (50-
52). The effect of viable pathogen on cytokine production in non-immune cells remains
unresolved.

Cytokines IL-17A and IL-17F are positively regulated in CD4+ T cells by retinoic acid-
related orphan nuclear receptor, RORyt and RORa (53-55). Although transcriptional regulation
remains unclear for IL-17C, it is induced in response to extracellular Gram-negative bacteria in
epithelial cells (24, 56). Similarly, IL-17E in epithelial cells is induced upon detecting
extracellular helminth and its metabolite, succinate (57, 58). IL-17D has been found to be
positively regulated by viral infection and anti-oxidant factor Nrf2 (8-10). Although bacterial
infection by species such as GAS generates ROS (50, 51), it is not known whether and how IL-

17D is induced in response to GAS infection.
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5.2 Results
5.2.1 Viable Group A Streptococcus induces IL-17D in non-immune cells.

In order to determine in which cells IL-17D is induced, we performed a brief in vitro
infection of peritoneal exudate cells versus several epithelial cell lines of mouse and human
origin. A GAS-to-host ratio of 1:1 was sufficient to elicit increase in ///7d transcript in non-
immune cells, including primary renal cells (Fig. 5.1A, 5.1B, 5.1C). We did not detect increase
in [117d transcript in some primary cells from organs such as lung and spleen (Fig. 5.2). Since
Valderrama and colleagues demonstrated the importance of M1 cell surface protein of GAS in
IL-1p production in macrophage (59), we tested the ability of M1 deficient GAS in inducing IL-
17D. We did not observe difference in /11 7d transcript or IL-17D protein in non-immune cells
infected by wt GAS versus m1A GAS (Fig. 5.3). However, to our surprise, inducing ///7d in
non-immune cells was compromised when the bacteria were heat-killed (Fig. 5.4A). On the other
hand, viability of GAS did not affect the induction of ///7d in immune cells (Fig. 5.4B). We also
confirmed that non-immune cells had higher ///7d when another bacterial species (E. coli) was
alive versus dead (Fig. 5.4C). Since viable bacteria can divide during the course of the
experiment, there could be quantitative differences in total exposure of cells to live versus dead
bacteria. Therefore, we next asked whether adjusting for final GAS number in medium would
account for the difference. We determined viable GAS would be 3-4 fold higher in number as a
result of replication in the assay medium after 3 hours (not shown). Diluting the infection ratio to
account for replication, we confirmed that living GAS was still able to induce ///7d more so than
incubation with the dead GAS when total bacterial burden was taken into account (Fig. 5.4D,
Fig.5.4E), while Tnfa was induced according to bacteria quantity, irrespective of viability (Fig.

5.4F). We also confirmed that peptidoglycan alone did not induce //17d (Fig. 5.5A). In this
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experiment, we observed Tnfa increase after peptidoglycan treatment or incubation with heat-
killed GAS (Fig. 5.5B).
5.2.2 Group A Streptococcus infection induces IL-17D.

Conversely, we also confirmed that viable bacteria could induce higher ///7d than heat-
killed GAS at a higher multiplicity of infection ratio (Fig. 5.6A). Since living GAS is able to
cause ROS production, we tested to see whether treating the infected cells with ROS scavenger
attenuates the induced levels of IL-17D. We confirmed that IL-17D is induced in epithelial cells
infected by live GAS, while two different ROS scavengers independently abrogated the effect
(Fig. 5.6B). At this early time point, ROS scavengers themselves did not yet have an inhibitory
effect on the growth of GAS in the assay medium (Fig. 5.6C).

5.3 Discussion

We have previously reported that oxidative stress can lead to IL-17D expression via the
activation of the antioxidant transcription factor, Nrf2 (8-10). Oxidative stress is caused by GAS
invasion-triggered caspases and ROS production and is linked with cell death and pro-
inflammatory events in macrophages and epithelial cells (45, 50, 51, 59). Since incubation with
heat-killed GAS fails to induce the production of ROS, we speculated that some ROS-dependent
cytokines such as IL-17D fail to be induced without active invasion by GAS. In fact, previous
studies have reported on the elusive nature of pinpointing bonafide GAS ligands for host TLR
(60-62). Our data did not find extracellular components of GAS such as M1 protein or
peptidoglycan to be responsible for inducing IL-17D. Our current findings suggest that cytokines
such as IL-17D are regulated in part through detecting the viability of the infectious agent, aside
from TLR. Further research is required to determine whether there are other cytokines or defense

arsenals that are regulated through detection of infectious danger posed by living pathogens.

42



Chapter V, in full, is an adapted version of the material that has been prepared for
publication. Washington A Jr, Varki N, Valderrama JA, Nizet V, Bui JD. IL-17D mediates anti-
bacterial immunity in Group A Streptococcus infection. Manuscript in preparation. The

dissertation author was the primary author of all material.
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Figure 5.1 IL-17D is induced by GAS in vitro. (A) Epithelial cells (HEK293), (B) endothelial
cells (SVEC), and (C) kidney homogenate cells were cultured in vitro and incubated with GAS
at indicated MOI for 3 hours (n=3). Data shown are mean + SEM and are representative data of
at least 3 independent experiments. *, P <0.05; **, P <0.01; *** P <0.001.
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Figure 5.2 IL-17D is not induced in GAS-infected cultured cells from lung or spleen. (A)
Lung homogenates were cultured in vitro and incubated with GAS at indicated MOI for 3 hours.
(B) Spleen homogenates were cultured in vitro and incubated with GAS at indicated MOI for 3
hours. Data shown are mean + SEM and are representative data of at least 3 independent

experiments. *, P <0.05
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Figure 5.3 GAS M1 protein is dispensable to induce IL-17D in vitro. (A) Relative I117d
transcript in endothelial cells (SVEC) after 3 hours and (B) intracellular protein IL-17D detected
after 16 hours in culture post-GAS infection. Data shown are mean =+ SEM and are representative
data of at least 3 independent experiments. *, P <0.05
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Figure 5.4 IL-17D is induced by viable GAS in epithelial cells. (A) Epithelial cells (HEK293)
and (B) peritoneal exudate cells (PECs) were cultured in vitro and incubated with viable GAS or
heat-killed (h.k.) GAS for 2 hours. (C) Mouse sarcoma cells were cultured with viable E.coli or
heat-killed E.coli for 3 hours. (D) Relative I117d transcript in colon carcinoma cells and (E)
HEK cells after 2 hours of GAS incubation. (F) Relative Tnfa transcript in HEK cells. Living
GAS or heat-killed GAS incubated at 1:1 ratio unless indicated otherwise. Data shown are mean
and SEM and are representative data of at least 3 independent experiments. *, P < 0.05; **, P
<0.01; *** P <0.001.
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Figure 5.5 IL-17D is not induced by IL-17D. (A) Relative I117d and (B) tnfa in HEK293 cells
after 2-hour incubation with peptidoglycan (PGN, 1ug/mL), heat-killed (h.k., 8:1) or viable GAS
(1:1). Data shown are mean and SEM and are representative data of at least 3 independent
experiments. *, P <0.05; **, P <0.01.
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Figure 5.6 Reactive oxygen species production in GAS-infected cells induces IL-17D. (A)
Relative 1117d transcript in HEK293 cells incubated with serially diluted viable GAS versus
heat-killed (hk) GAS for 3hours. (B) Relative /11 7d transcript in HEK293 cells pre-treated with
ROS scavengers (NAC and PDTC) prior to co-incubation with viable or dead GAS. (C) Growth
of GAS in cell culture medium (2% FBS) with and without ROS scavenger PDTC. Data shown

are mean and SEM and are representative data of at least 3 independent experiments. *, P < (0.05;
** P <0.01; *** P <0.001.
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CHAPTER VI: HIGHER FREQUENCY OF DERMATITIS IN AGING MICE IN ABSENCE
OF INTERLEUKIN-17D
6.1 Introduction

Ulcerative dermatitis is a debilitating condition, which approximately 4-20% aged
C57BL/6 strain mice develop. Although the exact etiology is unknown, some of the known
factors that predispose disease onset have been attributed to sex, diet, environment, and season
(63). Lesions are typically acquired through pruiritus-induced self-injury, and further progress
into ulcerations. The oxidative stress response of the dermatitic skin is normal, and is similar to
that of a response in a wounded skin (64). However, Kastenmayer and colleagues have found
that 50% of the mice deficient in inducible nitric oxide synthase (iNOS) gene developed
dermatitis in a retrospective study (65).

Interleukin (IL)-17D is a cytokine in the IL-17 family that is broadly expressed in various
tissues (16), and promotes immune responses to transformed or infected cells in part by inducing
chemokines that recruit natural killer cells and neutrophils (6-10). Contrary to this pro-
inflammatory role of IL-17D, we have also discovered a potentially anti-inflammatory function
of IL-17D by observing increased incidence of dorsal dermatitis in aging //17d-/- mice compared
to wild-type (WT) mice. In order to investigate the underlying pathology, we sought to
investigate the organs and tissues of aging //17d-/- and WT mice with and without dermatitis.
6.2 Results
6.2.1 Aging IL-17D knockout mice have higher incidence of dermatitis.

Although IL-17D promotes pro-inflammatory immunity to defend against tumors and
viral infections (6-10), an anti-inflammatory role for IL-17D has not been described. Here, we

observed significantly higher incidence of ulcerative dermatitis in mice lacking IL-17D (Fig.
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6.1A). Most pathology manifest in the dorsal scapular regions (Fig. 6.1B) by 18 months from
date of birth in ///7d-/- mice.
6.2.2 Blood of aging 1117d-/- mice have higher basophil.

We hypothesized that the higher incidence of dermatitis may be explained in part by
unbalanced chronic inflammation. Therefore, we examined the blood white blood cell (WBC)
composition of WT versus ///7d-/- mice before the expected age of dermatitis development. In
the blood of pre-dermatitic ///7d-/- mice (>10 months old; <20 months old), we observed higher
percentage of basophils (p=0.03) and eosinophils (p=0.09) compared to age- and sex-matched
WT mice (Fig. 6.2A, 6.2B). Absolute numbers of basophils (p=0.13) and eosinophils (p=0.054)
were also noticeably higher in the ///7d-/- mice than in WT mice (Fig. 6.2C, 6.2D). We did not
detect any difference in other immune cell numbers in the blood (Fig. 6.3A), and RBC values
were in line with WT controls (Fig. 6.3B).

6.2.3 Inflammatory cells infiltrate aging 1117d-/- skin and pancreas.

We investigated the lesion caused by dermatitis in the I117d-/- mice to confirm
infiltration by immune cells. Indeed, compared to the normal contralateral tissues taken from
scapular regions of //17d-/- mice, inflamed lesions exhibited epidermal thickening and abound in
neutrophils (Fig. 6.4A-D). In some cases, hyperkeratosis is very evident, with noticeable
presence of mast cells in skin lesions (Fig. 6.4E, 6.4F). Since we previously observed that /11 7d-
/- mice manifest higher viral and bacterial burden in some organs after MCMV and GAS
infection (9, Fig. 3.3, Fig. 3.4), we hypothesized that some organs other than skin would also
exhibit pathological inflammation in the absence of IL-17D. Examining the tissue sections of

300-600 days old pre-dermatitic mice, we found that some organs in ///7d-/- mice such as the
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pancreas had higher incidence of inflammation near the islet cells, compared to WT (Fig. 6.5A-
F).
6.2.4 Higher body weight and peritoneal cells in pre-dermatitic 1117d-/- mice.

Peritoneal exudate cell (PEC) numbers were higher in particular in 12 weeks old male
1117d-/- mice (p<0.01) compared to WT mice (Fig. 6.6A), although absolute numbers of PECs in
female /117d-/- mice were similar to WT (Fig. 6.6B). We also found the body weight of male
(p<0.001) and female (p<0.05) 1/17d-/- mice to be higher compared to WT animals at both
young (12 weeks old, Fig. 6.6C, 6.6D) and old (12 months old, Fig. 6.6E) ages. Interestingly,
body weight of mice older than 13 months were similar between WT and /1 7d-/- mice (Fig.
6.6F). We also conducted a comprehensive metabolic panel blood samples from ///7d-/- mice
and found the values to be similar to matched WT mice (Fig. 6.7).

6.3 Discussion

In this study, we demonstrated that ///7d-/- mice are more prone to increased dermatitis
and have higher basophils in the blood, in addition to higher inflammation in certain organs such
as the pancreas. Dermatitis was observed only in mice at least one-year-old, which suggest the
pathology to be largely dependent on age. The trend in higher percentage and number of basophil
and eosinophil suggests elevated susceptibility of 1//7d-/- mice to chronic allergic inflammation
(CAI). Basophils are often sited in allergic inflammation, and indeed are capable of promoting
CALI independently of mast cells and T cells (66). In fact, inflammatory events such as IgE-
mediated chronic allergic dermatitis are initiated by basophils, even though this cell type
represent only about 0.5% of immune cells in the peripheral blood (67). Whereas basophils are
characterized as initiators of allergic inflammation, eosinophils have been characterized as the

effectors that promotes and sustains IgE-mediated CAI (68). Our observation of higher incidence

52



of dermatitis in //17d-/- mice therefore suggests a heretofore-underappreciated role of IL-17D in
chronic inflammation.

We have previously determined the upstream regulator of IL-17D as Nrf2, a well-
characterized anti-oxidant regulator (8). Although Nrf2 is mostly known for its anti-
inflammatory role by inhibiting production of pro-inflammatory cytokines, we found Nrf2
required for inducing IL-17D (8, 9). In fact, our observation of increased dermatitis in //17d-/-
mice may be linked to Nrf2 because Nrf2-/- mice develop age-dependent inflammatory lesions
and autoimmunity (22, 23). Additionally, recent reports on IL-17D by Lee and colleagues found
enhanced CDS8 T cell function post-Listeria infection in ///7d-/- mice, implicating IL-17D to also
have anti-inflammatory functions (44). Together, these observations pave a more nuanced
understanding of IL-17D’s activities as mediating both pro- and anti-inflammatory processes.
Subsequent chapters following this story will need to define the cell types that produce IL-17D
and the physiological signals that provoke its expression in the skin and organs such as the
pancreas.

Aging of the body, and consequently the immune system, increases susceptibility to
infection, autoimmunity, and impairment of wound healing (69). In fact, increased incidence of
inflammation near the islet in the pancreas and ostensible skin pathology we see in ///7d-/- mice
is generally expected at an advanced age. Therefore, the higher frequency of pathology we
observe in //17d-/- mice compared to aging WT suggests a homeostatic role for IL-17D to
balance the necessary versus pathologic inflammation. As we found IL-17D to induce potentially
anti-inflammatory melanosome-associated genes in Chapter II, there may be differing and
counterbalanced activities of IL-17D that is dictated by specific tissue and microenvironment

cues leading to augmented or attenuated inflammatory responses.

53



Chapter VI is an adapted version of the material that has been prepared for publication.
Washington AJr, Seelige R, Wilbur R, Varki N, Bui JD. Spontaneous ulcerative dermatitis in

aging IL-17D knockout mice. The dissertation author was the primary author of all material.
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Figure 6.1 Aging I117d-/- mice have higher dermatitis rate compared to wild-type animal.
(A) Survey of aging wild-type C57BL/6 (WT) and I117d-/- mice for development of dermatitis
(n>30). (B) Representative image of mice with scapular dermatitis in WT and ///7d-/- mice over
600 days old.
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Figure 6.2 Aging I117d-/- mice have higher basophil and eosinophil in peripheral blood. (A)
Percentage of basophil or (B) eosinophil in white blood cells (WBC) from pre-dermatitic WT
and //17d-/- blood (from mice 300-600 days old). (C) Absolute number of basophil or (D)
eosinophil in blood of aging pre-dermatitic mice (n=10). Data shown are mean + SEM.
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Figure 6.3 WBC and RBC measurements are similar to WT in aging I/17d-/- blood. (A)
Complete blood count of white blood cells (WBC), neutrophils (Neu), lymphocytes (Lym), and
monocytes (Mono). (B) Arbitrary units comparing values for red blood cell (RBC), hemoglobin
(HB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin
(MCH), mean corpuscular hemoglobin concentration (MCHC), and red blood cell distribution
width (RDW) from pre-dermatitic WT and //17d-/- blood (from mice 300-600 days old, n=10).
Data shown are mean + SEM.
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Figure 6.4 Dermatitic I117d-/- skin harbors neutrophil and mast cells. (A) Control
(contralateral) skin and (B-D) inflamed skin of //17d-/- mice with dermatitis (626 days old). (E,
F) Inflamed skin of //17d-/- mice with dermatitis (597 days old). White arrow indicates presence
of (D) mast cell and (F) neutrophil.
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Figure 6.5 1117d-/- pancreas have higher rates of islet inflammation. (A) Representative
pancreas of aging wild-type C57BL/6 (WT 660 days old). (B-D) Representative images of //17d-
/- pancreas (569-641 days old) with islet inflammation. White arrows indicate immune cell
infiltration. Images are 10x (A, B), 40x (C), and 100x (D) magnification.

59



male PECs Female PECs
2.51 " ** | 2.5+
. o
2.0 o 2.04
£ @) w °
Q 1.5 B 1.5- E_E‘— _o%_@O_
S 1.04 ° —8%@8— S 1.04 o
‘>_< o _ o o) —
0.5- _t;#.— 0506° X 0.5- o®
0.0 oo . 0.0 . .
WT 1117d-/- WT 1117d-/-
C D
12wks old male 12wks old female
35+ Kkk 30+ *
% 304 . . 0080 % 25+ . Ooo
i o _o® ]l o °
O 20 8 O 154 %o
15 L) L) 10 L) L)
WT 117d-/- WT 1117d-/-
E F
12 months old >13 months old
50- ’ 551
@ 454 o @ 50+ °
N 40 _750__ [72) 491 T °
E 354 L o e 35
U] O
304 __I__L 30- o® ©
[ X J
25 B 7!7 - ,7', . 25 L) L)
WT 1117d-/- WT 1117d-/-

Figure 6.6 Higher weight and peritoneal cells in 7/17d-/- mice. (A) Absolute number of
peritoneal exudate cells in WT versus I117d-/- male and (B) female mice. (C) Weight of WT
versus I117d-/- male and (D) female mice. (E) Weight of 12 months old and (F) more than 13
months old mice. Representative data from matched sex and age. *, P <0.05; **, P <0.01; *** P
<0.001.

60



Creatinine

(0]

% e
B F
[ (e]e}

A B
Glucose
2501 0.204
_, 200 —— O _, 0.15]
o .
T 150{ o9 =& 2
> | v e S, 0.10-
€ 100+ o =
504 0.05-
0 T T T T 0.00
WT derm [//17d-/- derm
D E
Alkaline Phosphatase
150- 2000+
[ ]
15004
_y 1004 o) 1
= ° % = 10001
) ® )
sof = P o
500-
% ®
° o
0

WT derm [/17d-/- derm

WT derm [/17d-/- derm

04

AST
—o—
... 0o
L 590
L' e ole] T

WT derm [//17d-/- derm

g/dL

BUN
401
o)
30- ——
. (X ] o
SR ogoo
10
C L) L) L) L)
WT derm [117d-/- derm
Total Protein
8-
61e0e o?
——
4] &
(X ] OOO
2-
C L) L) L) L)

WT derm /l17d-/- derm

Figure 6.7 Metabolic values of 1/17d-/- serum does not significantly differ from WT mice.
Metabolic analyses were conducted on serum from 300-600 days old wild-type C57BL/6 wild-
type (WT) and I117d-/- mice with and without dermatitis for (A) glucose, (B) creatinine, (C)
blood urea nitrogen (BUN), (D) alkaline phosphatase, (E) aspartate aminotransferase (AST), and
(F) total protein. Data shown are mean + SEM and are representative of 2 combined

experiments.
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CHAPTER VII: CONCLUSION

IL-17D is a gene that is expressed in vertebrates and invertebrates, and is one of the most
ancient cytokines in its family (Chapter I). IL-17D is widely expressed in tissues such as brain,
muscle, and kidney (16), and has been found to be positively regulated through infection by virus
(8-10) and by living bacteria (Chapter V). Studies of regulatory elements surrounding IL-17D
found that the anti-oxidant master regulator Nrf2 induces IL-17D (8); indeed, lower IL-17D
transcript is found in bacteria-infected cells treated with ROS scavengers (Chapter V).
Considering that bacterial infection by species such as Group A Streptococcus (GAS) generates
reactive oxygen species (ROS) (45, 51), our data, combined with previous reports, point to a
conserved defense mechanism of multicellular organisms that involve IL-17D in responses
against harmful stressors.

At first glance, our data in Chapter II presents a nuanced property of IL-17D: different
cell types respond differently. However, it is possible that IL-17D induces not only pro-
inflammatory, but also potentially anti-inflammatory genes. In fact, there have been reports
supporting the view on immune-suppressive effects of IL-17D. Initial reports by Starnes and
colleagues had claimed IL-17D to inhibit proliferation of myeloid progenitors (16). Recent
findings by Lee and colleagues demonstrate IL-17D to attenuate CD8 T cell activity in vivo (44).
Indeed, the claim for a possible role of IL-17D in tissue homeostasis is warranted. As we have
found in Chapter VI, I/17d-/- mice develop higher rate of dermatitis after the age of 1-year old,
placing this cytokine in the physiology of healing processes and/or anti-inflammatory
homeostasis instead of the much anticipated pro-inflammatory role.

The effect of IL-17D on non-immune cells has only been reported as pro-inflammatory

(8-10, 16). However, we saw in Chapter II that IL-17D induces genes involved in melanogenesis,
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such as Dct, Pax3, and Sox10. Although melanin production has long established its importance
in the context of photoprotective and antioxidant processes in the skin, ties to immunoregulation
are just emerging (21). Our results from Chpater II potentially offer an explanation for the
dualilty of pro-inflammatory (6-10, 16, Chapter I1I-V) and anti-inflammatory (16, 44, Chapter
VI) role IL-17D seem to have in regulating inflammation, especially in the context of responding
to oxidative stress.

Melanogenesis genes are of particular interest due to known anti-inflammatory role of
melanin. For example, from a pathogen perspective, organisms such as fungi have been
characterized to produce melanin as a defense mechanism to quench the reactive oxygen species
produced by hostile host (70). From a host perspective, melanin is also employed similarly to
accomplish the anti-inflammatory effect. Most notably, Mimura and colleagues reported in 1987
the anti-inflammatory effects of squid melanin in rats harboring carrageenan-induced edema
(71). More recently, Kunwar and colleagues have shown melanin to attenuate production of pro-
inflammatory cytokines such as IL-6 and also reduce oxidative stress in hepatic cells (72).

These above reports on melanin are in line with our previous observation of Nrf2
(generally known as anti-inflammatory transcription factor) inducing IL-17D. Oxidative stress
induces IL-17D, which could possibly have an impact on promoting melanin synthesis in the
epidermis. Since melanocyte activity such as melanin production depends on surrounding cells
such as keratinocytes, we speculate that IL-17D is one of many growth factors and cytokines
secreted from keratinocytes that activate protective melanin synthesis.

This dissertation, however, focused mostly on the pro-inflammatory properties of 1L-
17D, which was explored in the context of bacterial infection. We demonstrated that 7/17d-/-

mice are more prone to increased death and weight loss upon opportunistic GAS infection,
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although with modest effect. We did not see major differences in bacterial burden in organs such
as the spleen and the lung. However, our data suggests IL-17D is expressed in the kidney and has
protective effect in bacterial infection. We speculate that pro-inflammatory effects of IL-17D had
minimal effect on the overall survival of infected mice due to the redundancy with other
cytokines that induce overlapping downstream effectors, such as IL-17A (discussed in Chapter
I0).

We measured increase in //17d and Cc/2 upon in vivo GAS infection of the wild-type
(WT) kidney. We also detected trend for lower neutrophil infiltration and relatively lower Ccl2
transcript in the //17d-/- kidney compared to WT (Chapter V). Generally speaking, kidney has
relatively low ratio of immune cells to non-immune cells, compared to organs such as lungs and
spleen (Chapter III). As such, organs with relatively lower resident immune cells may depend
more so on recruitment in the event of local infection. We showed that recombinant IL-17D
induces Ccl2 in vivo and also recruit neutrophils into the instilled site. Taken together, our data
suggests //17d-/- mice have impairment in some chemokine production.

Since the kidney is relatively lower in resident immune cells compared to organs such as
lung and spleen, we speculate that //77d-/- mice may face greatest disadvantage in warding off
bacterial infection in organs dependent on effective recruitment of active responders. In fact,
viral infection in //17d-/- mice had also found kidney with higher burden than WT (9). Impaired
recruitment or perhaps activation at the infected sites thus translates into higher bacterial CFU
we observed in organ homogenates. In sum, our data presented in Chapter 111, IV, and V suggests
a partial role for IL-17D in mammalian anti-bacterial immunity, whereby Ccl/2 is induced and

neutrophil is recruited into lesions burdened with actively replicating bacteria.
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Chapter VII, in part, is an adapted version of the material that has been prepared for
publication. Washington A Jr, Shirane K, Chan A, Lee D, Sasaki H, Bui JD. Differential
expression analysis downstream of IL-17D. The dissertation author was the primary author of all
material.

Chapter VII, in part, is an adapted version of the material that has been prepared for
publication. Washington A Jr, Varki N, Valderrama JA, Nizet V, Bui JD. IL-17D mediates anti-
bacterial immunity in Group A Streptococcus infection. Manuscript in preparation. The
dissertation author was the primary author of all material.

Chapter VII, in part, is an adapted version of the material that has been prepared for
publication. Washington AJr, Seelige R, Wilbur R, Varki N, Bui JD. Spontaneous ulcerative
dermatitis in aging IL-17D knockout mice. The dissertation author was the primary author of all

material.
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APPENDIX A: MATERIALS AND METHODS

Mice

The UCSD Institutional Animal Care and Use Committee approved all animal use and
procedures (protocol #S06201). All mice were housed in specific pathogen-free conditions prior
to use. C57BL/6 mice were injected intraperitoneally with 200uL phosphate buffered saline
(PBS) containing indicated concentrations of Group A Streptococcus (GAS). The serotype M1
GAS and the M1 mutant GAS were gifted from V. Nizet. The inoculum was prepared by
growing GAS overnight in Todd-Hewitt broth (Teknova) and adjusting the concentration
according to the spectrophotometric O.D. 600 reading. Inoculum colony forming units (CFU)
were confirmed by serial dilution plating on Todd-Hewitt agar (Teknova). For survival
assessment, mice were monitored at least every 12 hours to record the body weight and survey

the degree of lethargy.

In vitro GAS experiments

Wild-type GAS were grown overnight and the concentrations were determined by
spectrophotometric O.D. 600 reading. Heat-killed GAS was prepared by placing at 65-75°C for
5-10 minutes; absence of growth was confirmed by plating heat-killed GAS on Todd-Hewitt
agar. The infection ratio of GAS:cultured cells were 1:1 unless specified. Cells were cultured in
RPMI containing 2% FBS. The cell culture plates were spun at 1500 rpm for 5 minutes to
facilitate contact between GAS and cultured cells. Cells were pre-treated for 1 hour with either
N-Acetyl-L-cysteine (NAC) or ammonium pyrrolidinedithiocarbamate (PRDC) at a
concentration of 0.6 uM and 0.4 uM respectively (Sigma). Final concentration of peptidoglycan

was prepared as 1ug/mL (Invivogen).
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Bacterial colony forming units assay

Peritoneal exudate and cells were collected by lavage with 2.5mL PBS. Biopsies of right
kidney, spleen, right lung, liver, and the heart of each mouse was collected in order to determine
GAS burden. The tissues were weighed and homogenized in ImL PBS or RPMI medium
containing 2% FBS through the 70um strainer. Homogenized tissues were serially diluted 10-
fold, and 50uL or 10uL from each aliquot were cultured overnight on Todd-Hewitt agar at
36.5°C. The measurement of CFU/g was determined based on total CFU in 1mL divided by the
weight of organ; samples without a colony were assigned as 1 CFU/mL and divided by the

weight of the organ.

Antibodies and flow cytometry

Percentage leukocytes within each sample was determined using the flow cytometer.
Following markers were employed to identify: B cells (CD45, B220), CD4 T cells (CD45, CD3,
CD4), CD8 T cells (CD45, CD3, CD8), dendritic cells (CD45, MHCII, CD11c), monocytes
(CD45, CD11b), macrophage (CD45, F4/80, MHCII), neutrophils (CD45, Ly6g), basophils/mast
cells (CD45, FcERIa), eosinophils (CD45, F4/80, CD11b), non-immune cells (CD45 negative).
All antibodies were purchased from Biolegend. 7AAD (Calbiochem) -positive cells were

excluded as dead cells.

Quantitative real-time PCR
RNA was extracted using TRI-zol (Life Technologies) or by using the Direct-zol RNA
MiniPrep Kit (Zymogen). cDNA was synthesized using the High-Capacity cDNA Reverse

Transcription Kit (Applied Biosystems); qPCR data were generated using SYBR Green mix
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(Applied Biosystems) with forward and reverse primers of indicated genes; reaction was run on
the One Step Plus Real-Time PCR System (all from Applied Biosystems). Samples were

normalized based on expression of Hprt or Gapdh reference gene. Relative gene expression was
determined based on three biological replicates and figures show one representative experiment.

The primer sequences are listed in the Table.

Histology

Organs were fixed overnight at 25°C in 10% neutral buffered formalin, embedded in
paraffin, sectioned and stained with hematoxylin and eosin by the UCSD Histology Core.
Neutrophils were stained for by monoclonal anti-myeloperoxidase antibody. Images

were acquired on a Nikon Eclipse TE300 microscope.

RNA Sequencing

Total RNA from SVEC and B16 cell lines were extracted using TRIzol reagent (Life
Technologies) according to the manufacterer’s protocol. cDNA libraries were prepared using
TruSeq non-Stranded Total RNA Sample Prep Kit (Illumina) according to manufacturer’s
instructions. cDNA libraries were sequenced with a HiSeq2500 (Illumina). Data was processed

through DESeq?2 (74).

Microarray
Cells in culture were incubated with siRNA for 18 hours prior to analysis. Total RNA
from B16 cell lines were extracted using PureLink RNA Mini Kit (Invitrogen) according to the

manufacterer’s protocol. cRNA synthesis was conducted using TotalPrep RNA Amplification
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Kit (Invitrogen). cRNA was hybridized using MouseWG-6 v2.0 Expression BeadChip

(ITlumina). Data was analyzed and heatmap created through GenePattern (Broad Institute).

Cytokine injection

C57BL/6 mice were maintained under specific pathogen-free conditions. 0.5ug of IL-
17D (R&D) in 250uLL PBS or vehicle in PBS were i.p. injected per mouse. After 4hours, mice
were euthanized using carbon dioxide, and peritoneal cavity was lavaged in total 10mL PBS
containing 1% FBS. Cells were incubated in RBC lysis buffer (Biolegend) and counted using the

hemocytometer.

Peripheral blood analysis

Circulating blood from 300-600 days old mice was obtained via submandibular puncture
with 4mm or Smm sterile animal lancet (MEDIpoint). For complete blood count and RBC
measurements, tubes with EDTA were used to collect the blood, and analyzed using Hemavet
(Drew Scientific) at the UCSD Hematology Core. For metabolic panel analysis, serum was
obtained by leaving the blood in room temperature for 30 minutes and centrifuging at 13,000
rpm for 10 minutes. Serum was analyzed by the UCSD Center for Advanced Laboratory

Medicine.

Statistical analysis
All statistical analyses were processed through a statistical software package (GraphPad
Prism). Kaplan-Meier survival curves were generated and analyzed using the log-rank test in

order to assess statistical significance. CFU data from organ homogenates and lavage were
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analyzed using the nonparametric Mann-Whitney U test. In vitro GAS incubation experiments
were analyzed using the Student’s two-tailed t-test. All P-values less than 0.05 were considered

to be significant. P values are denoted in figures as; * P<0.05, **P<0.01, *** P<0.005.

70



APPENDIX B: SUPPLEMENTAL TABLE I

SVEC+IL17A adj pvalue SVEC+IL17D adj pvalue
Ccl2 1.11E-12 Cebpd 3.43E-12
Ccl7 1.11E-12 Erdrl 1.20E-11
Zc3h12a 1.11E-12 Hspala 9.38E-10
Cxcll 4.30E-09 Rn45s 9.86E-10
Cebpd 9.17E-09 Ccdc85b 1.26E-08
Igf2 1.09E-08 Gpnmb 1.49E-06
Steap4 5.53E-08 H2afj 7.27E-06
Vnnl 0.00010 Rnaseh2c 1.94E-05
Lrigl 0.00012 Ccl2 2.61E-05
Cxcl5 0.00027 Zfp580 2.77E-05
Mest 0.00027 Slc25a29 3.49E-05
Myc 0.00032 Ier3 6.43E-05
Itpk1 0.00032 Scandl 7.31E-05
Nfkbiz 0.00033 Hotairm1 7.31E-05
Gpc3 0.00074 Pax3 7.31E-05
Ntnl 0.00074 Nes 7.31E-05
Fas 0.00193 Mapls 7.36E-05
Meg3 0.00193 Histlhlc 9.29E-05
Cdknlc 0.00193 Slc2a6 0.00018
A930015D03Rik 0.00208 Crlf2 0.00019
Slcl1a2 0.00208 Zc3h12a 0.00019
Nos2 0.00265 Col6a4 0.00019
Sppl 0.00296 Ctul 0.00025
Cxcll6 0.00341 Jund 0.00025
Igfbp5 0.00368 Histlh2ag 0.00025
Casp4 0.00378 Gm10825 0.00086
Mrvil 0.00637 Kank4 0.00090
Nifkbia 0.00838 Zfp787 0.00092
Ifnar2 0.01042 Ier51 0.00092
Hmgal 0.01044 2810428115Rik 0.00150
Relb 0.01059 Miph 0.00167
Bcl3 0.01166 Hspalb 0.00171
Erdrl 0.01166 Plekhg6 0.00171
Ier3 0.01166 Tspanl0 0.00171
Rhbdf2 0.01166 Arfgef3 0.00180
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Stx6 0.01166 2310036022Rik 0.00234
Atg9b 0.01812 Rhbdl1 0.00234
Pik3r5 0.02524 Pricklel 0.00234
Ptprb 0.02524 Zbed5 0.00241
Egr2 0.02559 Scarf2 0.00348
Foxsl 0.02562 Chst7 0.00401
Adam12 0.02796 Zfp575 0.00452
Mdk 0.02796 Hnrnpa0 0.00520
Ovgpl 0.02796 6030419C18Rik 0.00620
H2afj 0.02844 Twist2 0.00620
Saa3 0.03886 Bolal 0.00620
Chst7 0.04392 Apoe 0.00620
Tgfbi 0.04392 Myo7a 0.00620
Osbpl3 0.04556 2310009B15Rik 0.00760
Tmem176b 0.04947 Clvsl 0.00760
Rabacl 0.00784

Cited2 0.00857

Crebzf 0.00857

Slc24a5 0.00857

Eid2b 0.00880

Zfp771 0.00889

Slc36a2 0.00913

Mgatdb 0.00916

Slc6al7 0.00976

Mlana 0.00987

Ccdc40 0.01024

Prickle4 0.01099

Acbdo6 0.01168

Nfkbiz 0.01168

Rrad 0.01168

Parvb 0.01168

Fosll 0.01476

Zfpml 0.01531

Gent3 0.01556

Sap30 0.01592

Limchl 0.01655

Fuz 0.01861

Fkbp6 0.01861

Tyr 0.01902
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Zfp622 0.01929
Syt4 0.01929
Nptxr 0.01968
Zfp865 0.02031
Cxcll 0.02148
Tfap2a 0.02215
Exdl 0.02330
Rpl36 0.02346
Mrpl52 0.02350
Rplp2 0.02416
FbxI16 0.02416
Nrcam 0.02543
Igtbp6 0.02675
Zfyve2l 0.02748
Gabre 0.02771
Mypop 0.02771
Rpl27a 0.02784
Cahm 0.02784
Abcal2 0.02798
Fxyd5 0.02873
Zfp628 0.02895
Serfl 0.02986
Pgls 0.03044
Cebpb 0.03153
Hist1h2be 0.03390
Zscan4b 0.03390
Icam4 0.03390
Hmgal 0.03400
Plcxd2 0.03400
IsI2 0.03400
Mir3101 0.03478
Evalb 0.03508
Sox11 0.03628
Hoxd9 0.03781
Ppplr35 0.03786
Sap301 0.03841
Taf4b 0.03841
Zfp385¢ 0.03925
Mrpl34 0.04004
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Car6 0.04059
Prkcq 0.04238
F8a 0.04289
Junb 0.04304
Ubapll 0.04396
Zfp768 0.04407
Ndufcl 0.04505
Btbd19 0.04648
A330035P11Rik 0.04662
Numbl 0.04703
Itpk1 0.04733
Tmc8 0.04767
Snora65 0.04969

74




APPENDIX C: SUPPLEMENTAL TABLE II

B16 + IL-17D Positive Log2 FC B16 + IL-17D Negative Log2 FC
Slc7all 0.313 Rps29 -0.458
Taf9b 0.212 Rplp2 -0.339
Llcam 0.211 Rplpl -0.314
Lgals9 0.192 Rpl36 -0.310
Nfat5 0.187 Rps28 -0.290
Cdipl 0.183 Rps20 -0.279
Lipa 0.181 Cox5a -0.272
Sec24d 0.180 Rpl27a -0.266
Gstml 0.180 Rpl39 -0.260
Sec24b 0.178 Rpl32 -0.260
Nfatcl 0.176 Shfm1 -0.259
Lpp 0.175 Rps27a -0.259
Myadm 0.174 Rpl36al -0.257
Tecr 0.174 Mrps24 -0.256
Shisas 0.173 Tomm?7 -0.253
Gm6682 0.171 AtpSk -0.247
Nif3l1 0.168 Hintl -0.240
Slc4a4 0.168 Rpl8 -0.237
Gcle 0.168 Hnrnpa0 -0.236
Zscan22 0.167 Mrto4 -0.233
Hipk2 0.167 Exosc6 -0.232
Vgell3 0.167 Lsm5 -0.230
AW549877 0.167 Ugqcrh -0.229
Atnl 0.166 2310036022Rik -0.229
Dhcr7 0.165 Rps19 -0.228
Wnkl 0.164 Rps9 -0.227
Dagla 0.163 Rpl9 -0.226
Polr2a 0.163 Rpl13 -0.226
Cxcll10 0.163 Hmgnl -0.224
Proserl 0.162 Sf3b5 -0.223
Pcolce 0.162 Rps16 -0.222
Scmhl 0.162 Tptl -0.222
Grina 0.160 Rnaseh2c -0.221
Arsb 0.160 Rpl23 -0.216
Syngr2 0.159 Mrpl52 -0.214
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Sf3b4 0.158 Spr -0.213
Srcap 0.156 Rps17 -0.212
Wispl 0.156 Ndufabl -0.211
Rnasek 0.156 Timm13 -0.211
Akna 0.155 Zbed5 -0.210
Zmizl 0.155 Rpsl5a -0.206
Rad9a 0.155 Rpl22 -0.205
Ints9 0.154 Apoe -0.203
Eroll 0.153 Rpl34 -0.203
Gprl137b-ps 0.152 Polr2f -0.202
Wbp2 0.152 Ndufal -0.202
Atp6v0al 0.152 Cox17 -0.201
Synjl 0.151 Rpl37a -0.200
G6pdx 0.150 Crocc -0.199
Rnf38 0.150 Mphosph6 -0.199
Atf7 0.149 Tmem242 -0.198
Wasf2 0.148 Abhdl7a -0.198
Teadl 0.146 Ostfl -0.196
Ankhd1 0.146 Hspa5 -0.195
Ost4 0.145 Oazl -0.195
Raphl 0.145 Mafg -0.195
Pom121 0.144 Metrn -0.192
Ube2m 0.144 Mrfapl -0.192
Tns2 0.144 Edfl -0.191
Rere 0.143 Rps8 -0.188
Arhgefl1 0.141 Polrld -0.188
Ago2 0.140 Yeats4 -0.187
Aridla 0.139 Eiflax -0.187
Fnl 0.139 Bloclsl -0.187
Grn 0.138 Cadm4 -0.187
Capnsl 0.137 Tmem160 -0.184
Wdyhvl 0.136 Pfdnl -0.183
Lamp2 0.135 Galk1 -0.182
Dotll 0.135 Higdla -0.181
Pprcl 0.132 Ndufb7 -0.180
Arhgap21 0.132 Rps27 -0.180
Tppl 0.130 Nol7 -0.178
Cic 0.129 Rpll7 -0.178
Tex2 0.128 Rpll3a -0.178
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Cryab 0.126 Snhgb -0.177
Tubalc 0.121 Myl6 -0.177
Laspl 0.121 Hnrnpa2bl -0.174
Laptm4a 0.120 Ndufbl1 -0.172
Srrm?2 0.116 Rpa3 -0.172
Tubala 0.116 Nr2t6 -0.171
Slc6ab 0.115 Atp5l -0.171
Podxl 0.113 Nmel -0.171
Lhx9 0.069 Lsm8 -0.170
Nr5al 0.068 Ccdc85b -0.169
Gata4 0.054 Dmrta2 -0.167
Emx2 0.049 Subl -0.167
AWS551984 0.044 Hmg20b -0.167
Secblg -0.166

Noml -0.166

Rpl23a -0.166

Creld2 -0.165

Exosc3 -0.165

Ndufa7 -0.164

Gm5643 -0.164

Rpll1 -0.164

Ddx23 -0.163

Naca -0.163

Rpl36a -0.163

Ndufb9 -0.163

Rps15 -0.162

Hspdl -0.161

Zcrbl -0.161

Ndufb6 -0.160

AtpSal -0.160

Tbca -0.160

Fam50a -0.159

Cedcl2 -0.158

Snrnp70 -0.158

Fkbp3 -0.158

Gm9833 -0.158

Rrpl5 -0.157

Itga9 -0.157

Lzts2 -0.157

77




Tmem256 -0.157
Tmfl -0.156
Nme2 -0.156
Psmc2 -0.156
2310047M10Rik -0.156
Rpl28 -0.155
Rps15a-ps6 -0.154
Lamtor4 -0.154
Tipin -0.153
Gripapl -0.153
Ppplrl4b -0.153
Magohb -0.153
Rdh14 -0.152
Maz -0.152

Cet2 -0.151

Dbi -0.150
Rnf10 -0.150
Mgat4b -0.150
Arpclb -0.150
Eif3b -0.150
Rpl21 -0.149
Rrpl -0.149
Atp5j -0.148
Bax -0.148
Cox8a -0.148
Rps13 -0.147
Hnrnpul2 -0.147
Gm6654 -0.147
Rpl14 -0.147
Mpc2 -0.146
Rpl2211 -0.146
Greel0 -0.146
Anp32e -0.145
Rpl18 -0.144
Uqcrq -0.143
Hnrnpm -0.143
Atpl3a2 -0.142
Drapl -0.142
Dnajc7 -0.141
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Nudt3 -0.140
Rps24 -0.140
Uba52 -0.140
Hnrnpab -0.139
Cox6bl -0.138
Eeflg -0.138
Sdhb -0.137
Rangap1 -0.135
Cbx3 -0.135
Lmna -0.134
Fabp5 -0.131
Dnajal -0.131
Eifl -0.128
Cox5b -0.128
Eif5b -0.128
Psmd7 -0.125
Rps4x -0.125
Rpl6 -0.124
Aldh2 -0.123
Rps7 -0.120
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APPENDIX D: SUPPLEMENTAL TABLE III

B16 + IL17A | Log2FC B16 + IL17D Log2FC
Sle7all 0.378 Sle7all 0.313
Zc3hl2a 0.329 Taf9b 0.212
Nfkbiz 0.306 Llcam 0.211
ler3 0.28 Lgals9 0.192
Malatl 0.269 Nfat5 0.187
Tubb3 0.261 Cdipl 0.183
C77080 0.235 Lipa 0.181
Trp53 0.214 Gstml 0.18
Mcam 0.208 Sec24b 0.178
Hspg?2 0.203 Myadm 0.174
Csfl 0.198 Tecr 0.174
Lpp 0.198 Gm6682 0.171
Slcl1a2 0.195 Hipk?2 0.167
Tapbp 0.193 Vell3 0.167
Cdknla 0.191 Atnl 0.166
Kmt2d 0.189 Dhcer7 0.165
Wdyhvl 0.182 Wnkl 0.164
Parp3 0.181 Dagla 0.163
Tnrc6b 0.175 Polr2a 0.163
Nfkb2 0.167 Cxcll0 0.163
Leng8 0.166 Pcolce 0.162
Fgfrlop 0.163 Syngr2 0.159
Rc3hl 0.16 Sf3b4 0.158
Adamts1 0.159 Srcap 0.156
Llcam 0.157 Wbp2 0.152
Cxcll0 0.156 Atp6v0al 0.152
Mbd6 0.156 G6pdx 0.15
Tgfbl 0.155 PodxI 0.113
Ecscr 0.15 Lhx9 0.069
Cpsf6 0.149 Nr5al 0.068
Anxal 0.147 Emx2 0.049
Rgs16 0.146

Laptm4a 0.142

Actgl 0.137
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Relb 0.121
Map3k8 0.085
Cxcll 0.07
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