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Endogenous anti-tumor immunity cycle. Schematic depicting the endoge-
nous anti-tumor immunity cycle. Briefly, DCs (blue) are first shown entering
tumors. DC recruitment to tumors is incompletely understood, but data sug-
gest a role of NK cell-mediated recruitment. Once in the tumor, DCs can sense
tumor-derived material in a variety of ways, including activation of the STING
pathway by cell-free DNA and the overall acquisition of tumor-derived antigens
in an inflammatory setting. Antigen-loaded DCs then mature and travel through
the lymphatic system to the tumor-draining lymph nodes (tdLNs). The tdLN
is the main site of cross-priming, where DCs activate and drive the expansion
of antigen-specific CD8" T cells. Activated CD8" T cells then travel through
the blood vessels down chemokine gradients in search of tumor cells expressing
their antigen. These T cells, along with support from DCs, are then able to clear
tumor cells at the site of the tumor. . . . . . . . .. .. ...
Routes of intervention by immunotherapies on the anti-tumor immu-
nity cycle. Different modalities of cancer immunotherapies are shown along
the anti-tumor immunity cycle, representing their likely primary sites of action.
These highlight the ability to intervene and induce anti-tumor immunity through
a variety of therapeutic modalities that act at different steps of this cycle.

T cell and non-T cell-inflamed tumors. The schematic shows scenarios rep-
resentative of T cell-inflamed tumors and non-T cell-inflamed tumors, colloquially
referred to as "hot" and "cold" tumors, respectively. T cell-inflamed tumors are
characterized by the presence of CD8" T cells and an overall type I IFN gene
signature. These tumors represent an endogenous anti-tumor response, as de-
scribed by the anti-tumor immunity cycle. In this case, immune evasion is possi-
ble through the engagement of checkpoint molecules. Non-T cell-inflamed tumors
are conversely characterized by the overall lack of CD8" T cells and are rather
enriched for suppressive myeloid cells. These tumors achieve immune evasion by
the overall exclusion of T cells from tumors. . . . . . . ... ... .. ... ...
Immunotherapy efficacy can be affected by a variety of factors. Schematic
showing four main mechanisms that dictate responses to cancer immunotherapy.
On the upper left, germline single nucleotide polymorphisms are depicted, espe-
cially those affecting the expression of immune regulatory genes. The top right
section highlights tumor somatic mutations, such as those leading to oncogenes.
The bottom left panel focuses on environmental factors like the gut microbiome.
Lastly, the bottom right section emphasizes the impact of T cell infiltration on
immunotherapy efficacy. . . . . . . . ...

General gating strategy for B16.SIY tumors at endpoint for immune
profiling. Tumors from PTPN22f/f x Cre and Cre™ and mice were collected
at endpoint, and immune cells were isolated. Single-cell suspensions were stained
and analyzed by flow cytometry. . . . . . ... ... oL
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CD8™1 SIY T activation in B16.STY endpoint tumors. Tumors from PTPN22f/
x Cre™ and Cre” and mice were collected at endpoint, and immune cells were iso-
lated. CD8" SIY " T cells are determined by SIY pentamer staining. Single-cell
suspensions were stained and analyzed by flow cytometry. PTPN22 ¢cKO mice

are represented in red, and W'T mice are represented in black. . . . . .. .. .. 34
DCs activation in B16.SIY endpoint tumors. Tumors from PTPN22f/

x Cre™ and Cre” and mice were collected at endpoint, and immune cells were
isolated. Single-cell suspensions were stained and analyzed by flow cytometry.
PTPN22 ¢cKO mice are represented in red and W'T mice are represented in black. 34
General gating strategy for MC38.SIY tumors at endpoint for immune
profiling. Tumors from PTPN22f/fl x Cre and Cre and mice were collected

at endpoint, and immune cells were isolated. Single-cell suspensions were stained

and analyzed by flow cytometry. . . . . . . ..o 35
CD81" SIY T activation in MC38.SIY endpoint tumors. Tumors from
PTPN228/# ¥ Cre™ and Cre~ and mice were collected at endpoint, and immune

cells were isolated. CD8" SIY " T cells are determined by SIY pentamer staining.
Single-cell suspensions were stained and analyzed by flow cytometry. PTPN22

cKO mice are represented in red and W'T mice are represented in black. . . . . . 36
DCs activation in MC38.SIY endpoint tumors. Tumors from pTPN22f/1

x Cre” and Cre” and mice were collected at endpoint, and immune cells were
isolated. Single-cell suspensions were stained and analyzed by flow cytometry.
PTPN22 ¢cKO mice are represented in red and W'T mice are represented in black. 36
General gating strategy for tdLNS of day 7 B16.SIY tumor-bearing
mice for immune profiling. Tumor draining lymph nodes (tdLNs) from
PTPN22f/l x Cre® and Cre” and mice were collected on day 7, and immune

cells were isolated. Single-cell suspensions were stained and analyzed by flow
cytometry. . . . ..o 37
CD81 SIY T activation in tdLNs of day 7 B16.SIY tumor-bearing mcie.
Tumor draining lymph nodes (tdLNs) from PTPN228/8 x Cret and Cre” and mice

were collected on day 7, and immune cells were isolated. CD8" SIY "™ T cells are
determined by SIY pentamer staining. Single-cell suspensions were stained and
analyzed by flow cytometry. PTPN22 ¢cKO mice are represented in red and WT

mice are represented in black. . . . . . .. ..o 38
DCs activation in tdLNS of day 7 B16.SIY tumor-bearing mice for
immune profiling. Tumor draining lymph nodes (tdLNs) from pTPN22f/f «
Cre™ and Cre” and mice were collected on day 7 and immune cells were isolated.

Decs were subtypes into (A) CD8a" (B) CD103" and (C) CD11b " DCs. Single-

cell suspensions were stained and analyzed by flow cytometry. PTPN22 ¢cKO mice

are represented in red and W'T mice are represented in black. . . . . . ... .. 38
General gating strategy for B16.SIY tumors on day 20. Tumors from
PTPN22/8 x Cre® and Cre” and mice were collected on day 20, and immune

cells were isolated. Single-cell suspensions were stained and analyzed by flow
cytometry. . . . ... 39
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Indentification of dsRed™ DCs from day 20 B16.SIY tumors. Tumors
from PTPN22f/f x Cre* and Cre” and mice were collected on day 20, and immune
cells were isolated. B16F10 tumors lacking SI'Y and dsRed were used as controls
to identify cells positive for dsRed acquisition. Gating for (A) DCs and their
subtypes are shown as well as gating for (B) dsRed in C103" and CD11b" DCs
along with the MFI. PTPN22 cKO mice are represented in red and WT mice are
represented in black. . . . . ... oL
Activation profile of dsRed™ DCs from day 20 B16.SIY tumors. Tumors
from PTPN228/f x Cret and Cre™ and mice were collected on day 20, and immune
cells were isolated. B16F10 tumors lacking SIY and dsRed were used as controls
to identify cells positive for dsRed acquisition. CD80 and CD86, along with their
MFIs, are shown for (A) CD103" and (B) CD11b" DCs. PTPN22 cKO mice
are represented in red and WT mice are represented in black. . . . . . . .. ..
Proliferation and apoptosis of dsRed™ DCs from day 20 B16.SIY tu-
mors. Tumors from PTPN22f/fl x Cre® and Cre™ and mice were collected on
day 20, and immune cells were isolated. B16F10 tumors lacking SIY and dsRed
were used as controls to identify cells positive for dsRed acquisition. Single-cell
suspensions were stained and analyzed by flow cytometry. PTPN22 cKO mice
are represented in red and W'T mice are represented in black. . . . . .. .. ..
General gating strategy for CD11c™' cells enriched from spleens cul-
tured in vitro with OVA substrates. CDIllc" cells were enriched from
spleens of naive PT PN22f/ft x Cre® and Cre” mice and cultured in U-bottom
well plates for 2-3 hours at 37°C with OVA substrates. . . . . .. ... .. ...
Antigen processing and presentation of CD11c™ cells in vitro. CD11c "
cells were enriched from spleens of naive PTPN22f/# x Cret and Cre™ mice and
cultured in U-bottom well plates for 2-3 hours at 37°C with OVA substrates The
MF1Is of DQ-OVA are shown from untreated (light colored) and high dose (darker
colored) along with the gating for OVA-H2Kb for (A) CD103" and (B) CD11b "
DCs. PTPN22 cKO mice are represented in red and W'T mice are represented in
black. . . . . .

Generation and validation of PTPN22 cKO in CD11c™ compartment.
(A) Schematic of the PTPN22 conditional knockout (cKO) mouse model. (B)
Spleens were collected from PT PN22f/fl Cre and Cre” and CD11c’ were isolated
through CD11c MACS enrichment. RNA was isolated to generate cDNA for
gPCR in order to quantify the relative expression of PTPN22. . . . . . . . . ..
Immune-profiling of young PTPN22 cKO mice. Spleens and inguinal
lymph nodes were collected from PTPN22f/fl Cre’ and Cre and CD11ct mice.
Single-cell suspensions were stained and analyzed by flow cytometry. Young, fe-
male mice had an average age of 6.5 weeks. N > 5 per group. Student’s t-tests
were used to test for significance between the experimental and control groups in

54

either spleen or LNs. Data are plotted as the percentages of the CD45" population. 55
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Immune-profiling of aged PTPN22 cKO mice. Spleens and inguinal lymph
nodes were collected from PTPN22/# Cret and Cre” and CD11c ™ mice. Single-
cell suspensions were stained and analyzed by flow cytometry. Aged mice had an
average age of 20 months. . . . . . ..o
PTPN22 cKO mice display improved tumor control. PTPN220/8 Cret
and Cre” aged-matched litter-mates were tested for their ability to control syn-
geneic tumor models. (A) Female mice were injected intradermally with 1 million
B16.SIY and (B) male and female mice were injected subcutaneously with 1 mil-
lion MC38.STY cells and allowed to grow until endpoint. For B16.SI'Y, both N1H7
and N2B5 clones of the PTPN22/f x CD11c-Cret mice were used with N > 15
per group). For MC38.S1Y, only the N1H7 clone of the PTPN22/f x CD11c-
Cre" mice were used with N > 12 per group). Pooled data from independent
experiments are plotted for B16.SIY (N = 3) and MC38.SIY (N =2). PTPN22f/1
x Cre™ mice are presented as red in B16.SIY experiments and blue in MC38.SIY
experiments with PTPN22f/fl x Cre controls always presented as gray. . . . . .
PTPN22 cKO mice have an increase of tumor-infiltrating DCs. Tumors
from PTPN228/fl x Cre™ and Cre- aged-matched litter-mates were isolated for
immune-profiling. DC subsets of (A) B16.SIY (N > 15) and (B) MC38.SIY (N

> 12) tumors are shown as the number per gram of tumor and the percentage of

all CD45" cells. The gating strategy is outlined in the Materials and Methods. 58

Intratumoral DCs lacking PTPN22 result in more mature CD103"
DCs. Intratumoral DCs defined as CD11lc™ MHC II* from PTPN22f/fl x Cre®
and Cre” mice bearing B16.SIY (N > 15) and MC38.SIY (N > 12) tumors were
sub-categorized as CD103" CD11b” and CD11b " CD103". The mean fluorescence
intensity (MFI) of MHC II is shown for both subsets in (A) B16.SIY (red) and
(B) MC38.SIY (blue) tumors. . . . . . . .. .. ..
PTPN22 cKO mice have increased tumor-infiltrating T cells. Intratu-
moral T cells defined as CD3" NK1.1- from PTPN22/fl x Cret and Cre™ mice
bearing (A) B16.SIY (N > 15) and (B) MC38.SIY (N > 12) tumors were sub-
categorized as CD8" CD4  and CD4" CD8 CD4" CDS8 T cells were further
subtyped as FOXP3" (T regulatory cells; Tregs) and FOXP3™ (T conventional
cells; Tecons) . . . . . o oL
Tumor-infiltrating, tumor antigen-specific CD8T T cells are more nu-
merous and activated in PTPN22 cKO mice. Intratumoral tumor antigen-
specific CD8" T cells defined as SIY " from PTPN22f/fl x Cre' and Cre™ mice
bearing (A) B16.SIY (N > 15) and (B) MC38.SIY (N > 12) tumors were profiled
for markers of proliferation and activation. The CD8" SIY " / Treg ratio was
defined by diving the number of CD8" SIY " per gram of tumor by the number
of Tregs per gram of tumor. . . . . . . . . . . ... ...
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PTPN22 cKO mice have an altered tumor-infiltrating immune profile.
Tumors from PTPN228/# x Cret and Cre aged-matched litter-mates were iso-
lated for immune-profiling. Immune profile of (A) B16.SIY (N > 15) and (B)
MC38.5IY (N > 12) tumors are shown as the number per gram of tumor and the
percentage of all CD45" cells. The gating strategy is outlined in the Materials
and Methods. . . . . . . . . . .
The number of CD81 SIY T T cells and CD103" DCs drive decreased
tumor mass in PTPN22 cKO mice. Intratumoral CD8" SIY " T cells and
CD103" DCs from PTPN22/8 x Cre® and Cre” mice bearing (A) B16.SIY
(N > 15) and (B) MC38.SIY (N > 12) tumors were analyzed by multivariable
analysis, taking into account tumor weight in grams and Cre type. Spearman
R Correlation values for CD8" SIY "™ T cells and CD103" DCs are shown along
with their p-value. . . . . . . ..o
Improved tumor control in PTPN22 cKO mice is dependent on CD8™
T cells. Anti-CD83 (aCD8f3) antibody was used to deplete CD8' T cells.
Tumor-bearing mice were injected with either 200ng of aCD83 or PBS (100uL)
intraperitoneally one day prior to tumor inoculation and once a week until the
end of each experiment. (A) Tumor-bearing mice were bled retro-orbitally to
confirm depletion of CD8" T cells via flow cytometry. PTPN22f/fl x Cre™ and
Cre” mice bearing (A) B16.SIY and (B) MC38.SIY tumors undergoing CD8" T
cell depletion (solid lines with filled-in circles) or control PBS treatment (dashed
lines with open triangles). . . . . . . .. ... Lo L

Expansion of CD1031T DCs drives an increase in DCs in the tdLNs
of PTPN22 cKO mice during the priming phase. pTPN22f/fl x Cret
and Cre aged-matched litter-mates were injected intradermally with 1 million
B16.SIY cells. Spleens and tumor-draining lymph nodes (tdLNs) were harvested
on day 7. DCs in the tdLN were quantified as the total number per tdLN and
subtyped as previously done (N > 9 per group). Pooled data are plotted from
independent experiments (N =2).. . . . .. .. ... 0oL
CD103" DCs from PTPN22 cKO mice have an activated phenotype in
the tdLNs tumor-bearing mice in the priming phase. DCs in the tdLNs
from day 7 tumor-bearing mice were subtyped and profiled for the expression of
activation markers (N > 9 per group). Data are shown as the percentage of total
CD45" cells. Pooled data are plotted from independent experiments (N = 2).

Tumor infiltrating, antigen-specific CD81 T cells from PTPN22 cKO
are more numerous and active in the tdLNs during the priming phase.
CD8" sIY ™ T cells in the tdLN were profiled for markers of activation and pro-
liferation (N > 9 per group). Data are shown as the total number per tdLN and
the percentage of total CD45" cells. Pooled data are plotted from independent
experiments (N = 2). . . . . ...
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PTPN22 cKO mice have superior priming of CD81t SIYT T cells.
Spleens harvested on day 7 of tumor-bearing PTPN22f/fl ¥ Cre™ and Cre- aged-
matched litter-mates were used for an IFN+y ELISPOT to assess priming. (A)
The number of IFN~ spots produced by splenocytes cultured overnight with ei-
ther cognate SIY peptide or an irrelevant OVA (SIINFEKL) peptide from a single
experiment (N > 6 per group. (B) Pulled data from two independent experiments
plotted together showing the number of [IFN+ spots and amount of IL-2 via ELISA
from conditioned media (N > 16 per group). . . . . . . . . . . ... ...
Schematic of the experimental layout for bulk RN Aseq of intratumoral
CD11ct DCs. Female PTPN22/fl x Cre and Cre- aged-matched litter-mates
were injected with 1.5 million B16.SIY cells and harvested on day 20. CD1lc"
DCs were enriched from tumors via MACS and further purified by flow cytome-
try sorting based on viability stain, CD45" CD3™ and CD1lc™ MHC II". The
experimental layout was repeated 4 times to obtain a sufficient amount of cells
for sequencing (N > 20 mice per group, resulting in 6 Cre” and 8 Cre” samples
for sequencing). . . . . ...
Heatmap of differentially expressed genes from RNAseq of intratu-
moral CD11ct DCs. Following analysis and normalization of gene expression,
the top differentially expressed genes were plotted to compare changes in gene ex-
pression between WT and PTPN22 cKO CD11c" DCs. Relative gene expression
is represented by the color gradient where a positive number signifies higher rel-
ative expression and a negative number represents decreased relative expression.
Data were generated in R. . . . . . . .. ..o
Gene signature enrichment analysis from RN Aseq. Gene enrichment anal-
ysis (GSEA) of biologically relevant pathways was compared between WT and
EXP (PTPN22 cKO) samples. The normalized enrichment score (NES) on the
x-axis represents the relative enrichment between W'T compared to EXP, where
positive values represent an enrichment in WT and negative values represent an

75

enrichment in EXP. The color gradient represents the log of the adjusted p-values. 76

Schematic representing DCs loaded with tumor-derived material and
their identification via flow cytometry. Female PTPN22/8 « Cre' and
Cre” aged-matched litter-mates were injected with 1 million B16.SIY cells and
harvested on day 20. Three independent experiments were performed (N > 20
PEL GrOUD).  « « o o o e e e e
Intratumoral DCs were increased in PTPN22 cKO mice in the effector
phase. Intratumoral DCs from day 20 tumor-bearing mice were quantified by
number per gram of tumor and as the percentage of total CD45" cells. Pooled
data from three independent experiments are plotted (N > 20 per group).
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More activated CD103T DCs are present in the tumors of PTPN22
cKO mice in the effector phase. Intratumoral DCs from day 20 tumor-
bearing mice were subtyped and profiled for activation markers. The number,
percentage, and MFI of CD80 and CD86 in (A) CD103" DCs and (B) CD11b "

DCs. Pooled data from two independent experiments are plotted (N > 14 per
GIOUD). v v v v i e e e 81
CD103" but not CD11b"™ DCs show a preference towards prolifera-

tion and expansion. Intratumoral DCs from day 20 tumor-bearing mice were
subtyped and profiled for activation markers. The number and percentage of

(A) Ki67 and (B) activated-Caspase 3 (aCasp3) in CD103" DCs and CD11b "

DCs. (C) The ratio of the number of Ki67" cells per gram of tumor divided by

the number of aCasp3™ cells per gram of tumor in CD103" and CD11b™ DCs.
Pooled data from three independent experiments are plotted (N > 20 per group). 82
PTPN22 cKO mice have more intratumoral, antigen-loaded DCs. In-
tratumoral DCs were subtyped and assayed for the presence of tumor-derived
material (dsRed). Data are shown as the number per gram of tumor, percentage

of CD45" cells, and MFI. Pooled data from three independent experiments are
plotted (N > 20 per group). . . . . . . . . .. 83
PTPN22 cKO mice have an increase of activated, antigen-loaded CD103 "
DCs. The number, percentage, and MFI of CD80 and CD86 in (A) CD103"
dsRed” DCs and (B) CD11b" dsRed™ DCs. Pooled data from two independent
experiments are plotted (N > 14 per group). . . . . . . . . . . .. .. ... ... 84
Antigen-loaded CD103" DCs, but not antigen-loaded CD11b™ DCs,
show a preference for proliferation and expansion in PTPN22 cKO
mice. The number and percentage of (A) Ki67 and (B) activated-Caspase 3
(aCasp3) in CD103" dsRed " DCs and CD11b" dsRed” DCs. (C) The ratio of

the number of Ki67 " cells per gram of tumor divided by the number of aCasp3™"

cells per gram of tumor in CD103" dsRed™ and CD11b™ dsRed™ DCs. Pooled

data from three independent experiments are plotted (N > 20 per group). . .. 85
Aquisition of tumor-derived material is correlated with co-expression

of CD80 and CD86. The number of CD103" DCs and CD11b " Dcs are plotted
showing the relationship between CD80" CD86" and dsRed ™. Pooled data from

two independent experiments are plotted (N > 14 per group). . . . . . ... .. 85
CD11ct cells from WT and PTPN22 cKO mice take up equal amounts

of antigen in vitro. Spleens from PTPN22t/l x Cret and Cre aged-matched
litter-mates were harvested and purified by MACS. Enriched CD11c™ were incu-
bated with increasing amounts of OVA-AF647 for 2 hours. Uptake of the sub-
strate was measured by the normalized MFI. The area under the curve (AUC)

was also calculated and compared for each dose-response. Each dose was run in
triplicate, and the experiment was repeated twice in male and female mice. . . . 86
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CD11c™ DCs from PTPN22 cKO mice process more antigen in vitro.
Spleens from PTPN22f/fl x Cre® and Cre aged-matched litter-mates were har-
vested and purified by MACS. Enriched CD11c" were incubated with increasing
amounts of DQ-OVA for 2 hours. Antigen processing was measured by the nor-
malized MFT produced upon hydrolyzation of the DQ-OVA substrate under acidic
conditions (lysosome). The area under the curve (AUC) was also calculated and
compared for each dose-response. Each dose was run in triplicate, and the exper-
iment was repeated four times in both male and female mice. . . . . . . . . . ..
Both CD1031 and CD11b" DCs from PTPN22 cKO mice process more
antigen in vitro. Spleens from PTPN22f/l x Cret and Cre aged-matched
litter-mates were harvested and purified by MACS. Enriched CD11c" were incu-
bated with increasing amounts of DQ-OVA for 2 hours. Antigen processing was
measured by the normalized MFI produced upon hydrolyzation of the DQ-OVA
substrate under acidic conditions (lysosome). The area under the curve (AUC)
was also calculated and compared for each dose-response. CD1lct DCs were
subtyped by (A) CD103" and (B) CD11b " for analysis. Each dose was run in
triplicate, and the experiment was repeated four times in both male and female
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ABSTRACT

Checkpoint blockade immunotherapies have revolutionized cancer treatment, yet only a
subset of patients benefit. Individuals with a loss-of-function single nucleotide polymorphism
in the gene encoding PTPN22 have increased risk for autoimmune diseases and lower inci-
dence of cancer. Moreover, the presence of these alleles in cancer patients is associated with
increased survival and favorable responses to checkpoint blockade immunotherapy. Studies in
PTPN22 knockout (KO) mice have established it as a negative regulator of T cell responses
in cancer models. However, the role of PTPN22 in distinct immune cell compartments, such
as dendritic cells (DCs), remains undefined. We developed a novel DC PTPN22 conditional
KO (cKO) mouse model that enables specific deletion in CD11c" cells, targeting DCs in
mice. Deletion of PTPN22 in DCs did not alter the immune profiles of naive young (6
weeks) or aged (20 months) mice but resulted in augmented tumor control upon challenge
with B16.SIY injected intradermally. CD8" T cells, but not CD4" T cells or Tregs, were
increased in the tumors of CD11c¢” PTPN22 cKO mice. Depleting CD8" T cells eliminated
the tumor growth control, suggesting a reliance on the DC-CD8" T cell axis. Accordingly,
day 7 tumor-bearing mice revealed an increase in IFN-y-producing SIY-specific T cells, in-
dicating improved CD8" T cell priming. Analysis of tumor antigen-specific T cells in the
tdLN showed a significant increase of CD8" SIY ™ T cells displaying elevated activation and
memory markers. Likewise, there was an overall increase only in the CD103" DC subset dis-
playing increased activation markers in the tdLN. Together, the number of tumor-infiltrating
CD8™ T cells and CD103" DCs at endpoint correlated with decreased tumor volumes. Fur-
thermore, intratumoral DCs showed significantly higher Ki67 " versus activated Caspase-3"
cells, which led to a greater number of DCs with internalized tumor-derived material in situ.
Additional characterization in vitro revealed equal amounts of antigen uptake, but superior
antigen processing and subsequent presentation on MHC I only in splenic CD103" DCs of
PTPN22 cKO animals. These observations were also supported by bulk RNAseq of intra-
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tumoral DCs showing enrichment of activation gene signatures in PTPN22 ¢cKO DCs and
negative regulatory signatures in WT DCs. Improved tumor control and favorable CD8"
T cell and CD103" DC profiles were also observed in PTPN22 ¢KO mice challenged with
subcutaneous injection of the colon cancer cell line MC38.S1Y. Lastly, PTPN22 ¢KO mice
displayed increased survival upon anti-PD-L1 treatment in the B16.SIY model but no ap-
preciable changes in the more immunogenic MC38.SI'Y model. However, PTPN22 cKO mice
challenged with MC38 parental tumors showed decreased tumor growth and increased sur-
vival when treated with anti-PD-L1 therapy. In conclusion, deletion of PTPN22 in DCs
is sufficient to drive an augmented tumor antigen-specific T cell response, resulting in en-
hanced tumor control. Mechanistically, this is linked to a shift towards proliferative over
apoptotic CD103" DCs, leading to enhanced antigen presentation to CD8" T cells in vivo.
This work argues that PTPN22 is likely regulating DC proliferative signals and management
of acquired antigens, highlighting the potential to modulate anti-tumor immunity through

the manipulation of DC signaling.



CHAPTER 1
INTRODUCTION

1.1 Cancer immunology: a new field is born

Everyone has heard of cancer, and odds are, the ravenous disease has touched most indi-
viduals in some way or another. However, not everyone appreciates that the term "cancer"
represents over 200 different diseases [1]. Thus, it is not surprising that entire careers are
dedicated to studying just a single aspect of any given type of cancer. The prominence and
complexity of cancer can also be appreciated by its long history, seemingly inherent to life
itself. For example, scientists and doctors recently identified the first case of bone cancer
(osteosarcoma) in a dinosaur that lived roughly 76 million years ago [2].

In humans, however, the oldest written records we have describing cancer are part of the
Edwin Smith Papyrus, an Egyptian document dating back to around 2,000 BC describing
different ailments and maladies, including tumors [3]. Observations from the ancient Greeks
have proven to be foundational in our understanding of cancer today. For instance, the
Greek physician Hippocrates described a variety of cancers, referring to them as "karkinos,"
giving rise to the modern term carcinoma [4, 5]. These observations and others allow us to
see how history has long recognized what we now know as cancer.

While descriptions and observations of cancer have been present throughout history, its
origins and complexities are active topics of debate and investigation to this day. Today, we
appreciate the interaction between the immune system (the body’s defense system against
pathogens) and cancer, but this crucial interaction was far from obvious, and its history
underscores its nuance. It was not until the second century A.D. that the Greek physician
Galen began referring to tumors as "oncos" because of their swollen nature, which may be
a direct consequence of immune-mediated inflammation |6, 7, 8|. Thus, this is perhaps the

first description of the connection between the immune system and cancer.
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Despite the early astonishing observations made by the ancient Greeks, it was not un-
til the 19th century that the Polish physician Rudolf Virchow first described the presence
of "leucocytes," or white blood cells, inside tumors. Virchow further postulated that the
“lymphoreticular infiltrate” suggested the origin of cancer at sites of chronic inflammation
[9, 10, 8|. Expanding on this idea, he later coined the term leukemia, describing the pathol-
ogy of excess white blood cells [11]. These observations helped strengthen the ties between
immune cells and tumors but were missing proof of concept studies to truly understand the
role of the immune system in the context of cancer. Up to that point, it was clear that
immune cells had an involvement, but it was not clear if it was causative or correlative, and
certainly not preventative.

It was not until 1891, when William B. Coley made the observation that some patients
with incurable cancers underwent spontaneous tumor rejection following concomitant bacte-
rial infections, that the immune system was speculated to play a potential therapeutic role
[12, 13]. A bone surgeon at that New York Cancer Hospital (now Memorial Sloan Ketter-
ing), Coley studied available literature along with the charts of as many patients as he could
find and ultimately deduced that the infections were triggering a response that drove the
rejection of established tumors. Coley meticulously tested and different cocktails of bacteria
and treated over 1,000 patients with what became known as Coley’s Toxins, which became
commercially available. [14].

Despite his success, the lack of understanding behind the mechanism of action and the
concurrent advancements in radiation therapy resulted in Coley’s work falling out of favor,
and in 1963, the FDA officially labeled it as an investigations drug, making it illegal to pre-
scribe outside of clinical trial settings. All of this culminated in the importance of Coley’s
work going largely unrecognized for almost half a century. Following his death, his daughter
Helen Coley Nauts worked tirelessly and diligently to ensure her father’s legacy was appre-

ciated and not forgotten. Mrs Nauts then went on to found the Cancer Research Institute



in New York in 1953 [15]. Thanks to his daughter, Coley’s work is now appreciated, and he
is regarded as the "Father of Immunotherapy."

Coley could not explain the mechanism behind his treatments, which we now understand
to have been the activation of the innate immune system by the bacteria resulting in adaptive
immunity against the tumors, but the postulations of his contemporaries and successors
provided explanations. Paul Ehrlich was one of these luminaries. He proposed the "side-chain
theory," suggesting that in the presence of toxins, cells would produce extra "nutriceptors"
that would shed and accumulate in the bloodstream acting as antitoxins [16, 17, 14]. While
incorrect, this led to the discovery and understanding of antibodies and receptors, not to
mention it earned him the Nobel Prize in Medicine in 1908. Moreover, Ehrlich was the first
to put forth the idea in 1909 that cancers arose spontaneously but were kept in check by the
immune system [18|. This idea would change the way scientists thought of cancer and the
immune system.

It was not until 50 years later that Macfarlane Burnet and Lewis Thomas refined Ehrlich’s
ideas backed by experimental data and officially coined the term "immune surveillance,"
shaping the way we think about anti-tumor immunity today [19, 20]. Macfarlane and Thomas
were strong proponents that T-lymphocytes were the dominant immune cells in driving
immune surveillance, a highly controversial take at the time. In fact, Macfarlane was awarded
the Nobel Prize in 1960 for his work on acquired immunological tolerance, widely attributed
to this work in virology. Ironically, Macfarlane died of cancer in 1985. Burnet and Thomas’s
immune surveillance theory brought widespread popularity to the field of cancer immunology,
but it was not long-lived.

The development of athymic nude mice, thought to be completely immunocompromised
due to a lack of thymus, allowed Osias Stutman to put the immune surveillance theory to the
test in 1974 [21]. In his landmark study, Stutman showed that immunocompromised mice

showed no increased incidence or onset of chemically induced tumors when treated with 3-



methylcholanthrene (MCA). Stutman concluded that lymphocytes were thus not necessary
for the control of tumors in mice. However, this model system contained unappreciated
caveats that resulted in important implications.

At the time, it was not known that nude mice had a leaky system that resulted in the
presence of leftover T cells, especially with age. Moreover, what Stutman could not have
accounted for was the presence of the innate immune system in nude mice, such as Natural
Killer (NK) cells, that could drive tumor rejection [22]. Lastly, Stutman utilized the MCA
model that was later shown to be dependent on the activity of aryl hydrocarbon hydroxylase
(AHH) [23]. Nude mice have higher levels of AHH activity, making MCA extremely carcino-
genic in this model and likely overwhelming whatever immune system these mice retained.
Despite careful experimentation from Stutman, the complexities of the model system he was
not privy to render his conclusion incorrect, or at the very least incomplete. Nevertheless,
they halted the excitement and credibility in the field of cancer immunology.

It was not until the early 2000s that Robert Schreiber’s group demonstrated the necessity
of T cells and associated pathways for endogenous tumor rejection. These studies were
facilitated by the development of RAG2/~ mice that lack an enzyme necessary for somatic
recombination, resulting in the absence of mature T and B lymphocytes [24]. RAG2/~ mice
allowed Robert Schrieber’s group to repeat Osias Stutman’s experiments in a model truly
lacking T and B cells. This landmark study showed that immunocompromised mice had a
greater incidence of tumor development and went on to show that this was dependent on
CDS8" and CD4" T cells through depletion studies, as well as the importance of the IFN-y
pathway through mice lacking the IFN-v receptor (IFNGR17/~ mice) [25]. The development
of these tools, such as the RAG2/~ mouse model, and the observations made by Schreiber’s
group helped revive excitement in the field of cancer immunology. But the true potential
of cancer immunotherapies would not be appreciated until the development and approval of

checkpoint blockade therapies capable of achieving long-term responses.



1.2 Immunotherapies are efficacious anti-cancer treatments

Today, it is impossible to talk about cancer research without taking into account the im-
mune system. Accordingly, research activities, funding opportunities, and biotech and large
pharmaceutical companies based around cancer immunotherapies are abundant. However,
this wasn’t always the case. As previously mentioned, Coley’s Toxins are considered to be
the first immunotherapies, granting William B. Coley the title of "Father of Immunother-
apy." Coley’s findings were foundational in establishing a link between the immune system
and cancer, but they were also important in driving the realization that manipulation of the
immune system could be therapeutic against tumors.

One of the most widely researched modalities for cancer immunotherapies is based on
cytokines. In their purest form, cytokines are small secreted proteins that elicit downstream
signaling on cells. Their signaling can affect cells nearby (paracrine) or far away (endocrine).
Similarly, cytokines can also act on the same cells that secret them (autocrine) [26]. The
word originates from the Greek works cyto, meaning cavity or cell, and kine, meaning move-
ment [27]. While the first identified cytokine was interferon-a in 1957, it was merely seen
as a protein that interfered with viral replication [28|. Shortly after, interferon-y was iden-
tified in 1965 as the first lymphocyte-derived mediator [29]. However, it was not until 1972
that Stanely Cohen coined the term "cytokine," based on previous observations that non-
lymphoid cells could produce migration inhibitory factor (MIF) as well as other previously
described lymphokines [30]. Cohen argued that instead of being a function of the immune
system, it was rather more likely a general aspect of host defense. This paradigm helped
shape the way for the cytokines that were being discovered and characterized.

Interleukin-2 (IL-2) was first characterized by a group at Yale Medical School in 1972,
coincidentally the same year the term "cytokine" was coined. IL-2 was first referred to as a
"lymphocyte activating factor" derived from the serum of lymphocytes exposed to bacterial

toxins [31]. Further work led to the purification and naming of IL-2 in 1982 [32]. The
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purification of IL-2 was of extreme importance as it allowed for T cells to be cultured in
vitro for extended periods of time and also allowed for the treatment of patients with the
purified cytokine alone or in combination with purified lymphocytes expanded ex-vivo. This
work, in particular, was championed by Steven Rosenburg at the National Cancer Institute
(NCI) [33, 34]. Optimization of the dosage and treatment regimen eventually led to the FDA
approval of high-dose IL-2 in patients with late-stage metastatic melanoma and renal cancer
[26]. This would be one of the first FDA approvals granted to immunotherapies and would
generate widespread interest in the therapeutic use of cytokines in cancer.

Other cytokines of key importance were also being characterized in the meantime. Specif-
ically, interferon-a, I11.-15, and GM-CSF. Interferon-a was first observed to function as an
inhibitor of viral replication, but subsequent studies also showed its ability to upregulate
MHC I (facilitating antigen presentation, discussed later) and driving dendritic cell matura-
tion and T and B cell activation. This work led to its FDA approval for treating hematolog-
ical cancers as well as late-stage melanomas [35]. IL-15 functions similarly to IL-2, except
it also holds the ability to potentiate memory CD8" T cell phenotype [36]. On the other
hand, GM-CSF proved to be important for the maturation and regulation of granulocytes
and macrophages as well as a key regulator of multi-lineage hematopoietic progenitors [37].
While both IL-15 and GM-CSF have shown anti-cancer potential in preclinical models and
have been widely investigated in clinical trials, neither has garnered FDA approval, and both
remain active areas of research today.

While cytokines represent secreted modulators of immune homeostasis, activators and
inhibitors of immune activation through cell-to-cell contact have been discovered, elucidated,
and clinically developed over the past four decades. The best examples of these positive
and negative regulators affect the function of T cells. As cells with cytotoxic and otherwise
inflammatory potential, it is crucial for T cell responses to be tightly regulated. For example,

in the presence of a pathogen or a cancer cell, T cells should be activated in order to gain



cytotoxic capabilities and eliminate the threat. However, once the immunological challenge
has been cleared, it is imperative for T cell responses to be suppressed in order to avoid
damage to healthy tissues. Moreover, uncontrolled or erroneous T cell activation can lead to
pathologies aptly classified as autoimmune diseases. Thus, both the positive and negative
regulation of T cells is essential for proper immune homeostasis.

In the early 1980s, T cell stimulatory receptors and their ligands were identified. The
co-stimulatory ligand was first described as B lymphoblast antigen (BB-1) expressed on
activated and malignant B cells, while the co-stimulatory receptor CD28 was first identified
as a membrane glycoprotein capable of regulating human T cell proliferation [38, 39|. The
role of BB-1, later renamed B7-1 and now known as CD80, remained unclear until further
light was shed on its binding partner [40] Meanwhile, CD28 was characterized as a signaling
receptor crucial for T cell activation, including cytokine production, as well as being able
to bind to the B7/BB-1 molecule [41, 42, 43, 44|. Around this time in the late 1980s came
one of the greatest discoveries in the field of immunology: the identification of CTLA-4 [45].
CTLA-4 was first identified from activated T cells and was further shown to be upregulated
in models of induced cytotoxicity in T cells. Researchers quickly realized that B7/BB-1 and
the related co-stimulatory molecule B7-2 (now known as CD86) bound to CTLA-4 as well
as to CD28 [46, 47, 48]. These observations, along with shared homology and chromosomal
location between CD28 and CTLA-4, led to different hypotheses regarding their roles [49].
It was not clear at the time, but the characterization of these molecules would eventually go
on to change the world.

Despite confusion regarding the roles of CD28 and CTLA-4, clever work utilizing mono-
clonal antibodies (mAbs) in mouse cancer models would lead to the answer. In 1994, work
led by the labs of Jeff Bluestone and Craig Thompson at the University of Chicago showed
that CTLA-4 could, in fact, function as a negative regulator of T cell activation [50]. The

next year, Jim Allison confirmed that CTLA-4 inhibited T cell activation and cytokine pro-



duction by using mAbs against CTLA-4 (anti-CTLA-4) [51]. Moreover, the development of
CTLA-4 knock-out (KO) mice by Arlene Sharpe and Jeff Bluestone, as well as independent
characterization by Tak Mak and Craig Thompson, cemented the role of CTLA-4 as a nega-
tive regulator of T cell activation [52, 50, 53|. Importantly, these studies also demonstrated
that the absence of CTLA-4 in mice resulted in severe lymphoproliferative diseases evidenced
by lymphocyte infiltration into organs, leading to fatal tissue destruction. Finally, in 1996,
Jim Allison’s group published their seminal work on improved anti-tumor immunity through
CTLA-4 blockade [54]. This work showed tumor rejections, including in pre-established
tumors and secondary challenges. Clinical investigations ultimately were undertaken in hu-
mans with the eventual FDA approval of anti-CTLA-4 in 2011 [55, 56, 57, 58]. However,
CTLA-4 was not alone, as another key negative regulator was discovered and characterized
quickly after.

Tasuko Honjo’s group at Kyoto University was focused on identifying molecules associated
with apoptosis (cell death). In doing so, they discovered the programmed cell death (PD-1)
molecule as being expressed in the thymus and is upregulated upon cell death induction
[59] Shortly after, Honjo’s group generated a PD-1 KO mouse that elicited spontaneous
autoimmune-like pathology, similar to those seen in the CTLA-4 KO mouse [60, 52]. At
the same time, Lieping Chen’s group at the Mayo Clinic identified a new member of the
B7 family termed B7-H1 that seemed to drive a type of T cell activation [61]. It was then
shown that this new protein B7-H1 was the ligand of PD-1 and led to negative regulation of
T cell activation, leading to its renaming as PD-L1 [62]|. Interestingly, researchers also found
evidence that PD-L1 was expressed on tumor cells and contributed to immune recognition
evasion [63]. Together, these observations led to the hypothesis that similar to anti-CTLA-4,
the blockade of the PD-1/PD-L1 interaction could be therapeutic in cancer. This hypothesis
proved correct as blockade of either PD-L1 or PD-1 improved anti-tumor immunity in murine

cancer models [64, 65]. Clinical evaluation of anti-PD-1 and anti-PD-L1 quickly followed,



leading to their FDA approval in 2014 and 2015 [66, 67, 68, 69]. Due to the remarkable
prolonged survival associated with these checkpoint blockade therapies, Jim Allison and

Tasuko Honjo were awarded the Nobel Prize in Physiology or Medicine in 2018.

1.3 Cancer and immunity: a complex cycle

The first two sections of this chapter outlined the history of cancer and the development
of immunology-based therapies for its treatment, but how do these tumors arise in the first
place, and how is the immune system able to prevent and eliminate them? Cells frequently
divide and respond to a variety of signals in their environment. Errors in replication and
sustained damage from stressors can result in the elimination of these faulty cells to prevent
giving rise to cancerous cells. These processes are mediated both intra- and inter-cellularly.
For example, accumulation of DNA damage triggers a type of cell death known as apoptosis
and errors in DNA that lead to mutations result in mutated peptides that flag cells as
defective, targeting them for elimination by the immune system. Cancer is thus a multi-
step process that involves the failure to eliminate mutated cells, allowing them to grow
uncontrollably. As previously mentioned, the immune system is tasked with surveilling
and eliminating these threats, and it is thought to do so efficiently, which is why there is
an increased incidence of cancer when the immune system is suppressed |70, 25|. There
are multiple mechanisms that allow the immune system to recognize cancerous cells, the
mechanisms of which differ between the innate and adaptive immune system.

The innate immune system is comprised of cells that frequently sample their environment
for threats. For example, natural killer (NK) cells and macrophages sample cells indiscrim-
inately for "safe or destroy" signals. NK cells achieve this by recognizing class I MHC
molecules that present self-antigens to other immune cells [71]. The absence of these MHC
I complexes is indicative of mutations or a potentially dangerous cell, driving NK cells to

eliminate those cells. Similarly, macrophages are phagocytic cells capable of eating other
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cells. However, healthy cells prevent being eaten by macrophages by expressing "don'’t eat
me" signals, marking them as safe [72]. The innate immune system is thus the first line of
defense and functions in a non-specific manner. This allows the immune system to respond
quickly to threats like pathogens and potentially cancerous cells.

Despite the effectiveness of the innate immune system, pathogens and cancerous cells have
the potential to break through by evading recognition or simply overwhelming the innate
immune system. This is where adaptive immunity enters in order to elicit a coordinated
and specific attack against cellular perpetrators. In fact, innate immune responses induce
adaptive immunity through cells specialized cells. These specialized cells primarily function
as antigen-presenting cells (APCs). APCs are always sampling their environments, taking
up proteins and cellular debris, and presenting on their surface to T cells that are capable
of then seeking out cells expressing these antigens and mediating their destruction [73, 74].
These antigen-specific T cells also have the ability to generate special populations of memory
T cells that will persist long-term and become quickly activated if they ever encounter a cell
expressing that antigen again. Thus, the immune system can function both in a quick and
non-specific manner as well as in a coordinated and adaptive manner that generates memory
against a given potentially dangerous entity.

In the context of cancer, successful induction of adaptive immunity is crucial for the
recognition and elimination of tumor cells. The ability of T cells to eliminate tumor cells
is dependent on their ability to identify them in the first place. As mentioned, APCs are
continually taking up material from their environment, either shed or secreted by cells or
simply as a result of cellular material being released following cell death. While different
cells can function as APCs, dendritic cells (DCs) are specialized in these functions and can
elicit strong activation of T cells. Specifically, BATF3-lineage DCs signal to cytotoxic CD8™
T cells by presenting antigens on MHC I, while IRF4- and IRF8-lineage DCs signal primarily

to helper CD4" T cells. The DCs are commonly referred to as classical DC1s (¢cDCls) and
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DC2s (cDC2s). However, the complexity and diversity of DCs is an active area of research
[75, 76, 77]. DCs thus play a critical role in the recognition of tumors and the subsequent
education and activation of the adaptive immune system against them.

The sequence by which DCs acquire tumor-derived antigens and present them to T cells
for the targeted elimination of tumors has been designated as the anti-tumor immunity
cycle, highlighted in Figure 1.1. DCs must first be able to take up antigens in the tumor,
where inflammatory signaling drives the maturation of DCs that travel to tumor-draining
lymph nodes (tdLNs). Similarly, DCs can sense cell-free DNA from dying tumor cells,
which also drives their activation. In all, a couple of key aspects in this step include 1) the
presence of DCs in the tumor and their ability to penetrate the tumor, 2) the availability
of antigens that can be presented in MHC molecules, and 3) the additional signals in the
environment that at homeostasis drive tolerance and in inflammatory environments drive
DC activation and migration into the tdLNs. Once matured/activated, tumor antigen-
loaded DCs enter the tdLNs, and they can activate and drive the expansion of antigen-
specific CD8" T cells. This creates a pool of activated, antigen-specific CD8" T cells
that can then travel through the blood vessels, following chemokine gradients, to tumors
to penetrate the tumor microenvironment (TME) and have the potential to execute their
cytotoxic function. Importantly, there is growing evidence that DCs are critical within the
TME for the maintenance and continued activation of CD8" T cells.

This cycle represents the main process through which the adaptive immune system is
able to recognize and eliminate tumors that may arise after bypassing the innate immune
system. The understanding of how tumors are able to persist despite these barriers depends
on our understanding of the molecular mechanisms of each one of these steps. As a multi-
step process, this means that immune evasion by tumors can arise at different points and
through a variety of different mechanisms. Thus, therapies that aim to target the immune

system for cancer therapies must be designed thoughtfully to maximize efficacy and reduce
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toxicity. Moreover, the understanding of this process will also allow the development of
future therapies capable of acting at multiple steps resulting in greater therapeutic benefit.
Some of these approaches are highlighted in Figure 1.2. Of note, despite the presence of
different immune cells at various points, DCs are present and crucial at all of the steps of

the anti-tumor immunity cycle.
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Figure 1.1: Endogenous anti-tumor immunity cycle. Schematic depicting the en-
dogenous anti-tumor immunity cycle. Briefly, DCs (blue) are first shown entering tumors.
DC recruitment to tumors is incompletely understood, but data suggest a role of NK cell-
mediated recruitment. Once in the tumor, DCs can sense tumor-derived material in a variety
of ways, including activation of the STING pathway by cell-free DNA and the overall ac-
quisition of tumor-derived antigens in an inflammatory setting. Antigen-loaded DCs then
mature and travel through the lymphatic system to the tumor-draining lymph nodes (tdLNs).
The tdLN is the main site of cross-priming, where DCs activate and drive the expansion of
antigen-specific CD8" T cells. Activated CD8" T cells then travel through the blood vessels
down chemokine gradients in search of tumor cells expressing their antigen. These T cells,
along with support from DCs, are then able to clear tumor cells at the site of the tumor.
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Figure 1.2: Routes of intervention by immunotherapies on the anti-tumor immu-
nity cycle. Different modalities of cancer immunotherapies are shown along the anti-tumor
immunity cycle, representing their likely primary sites of action. These highlight the ability
to intervene and induce anti-tumor immunity through a variety of therapeutic modalities
that act at different steps of this cycle.
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1.4 Tumor immune evasion and determinants of immunotherapy

respomnse

The anti-tumor immunity cycle described above is representative of the necessary steps
to mount an endogenous immune response against tumors. As previously mentioned, failure
at any of these nodes can result in the disruption of the entire cycle and a lack of tumor
control. However, no two tumors are created equal, and as such immune infiltration is
variable amongst tumor types and even within patients bearing the same type of tumor. For
example, early studies examining the immune infiltrate of tumors revealed that the presence
of lymphocytes was a strong predictor of survival in patients with colorectal cancer |78|.
Work from our lab in metastatic melanoma described the segregation of patient tumors by
the presence or absence of T cells [79]. These differences have become even more evident
through the use of immune checkpoint blockade (ICB) therapy; while some patients may
experience complete responses, others either initially respond and become refractory or are
refractory from the start.

Differences in ICB efficacy suggested baseline differences in the tumors of patients. Ac-
cordingly, examination of tumors from patients treated with ICB revealed that responders
to therapy had higher levels of a gene enrichment score associated with the presence and
activation of T cells [80]. Together, these observations have led to the broad classification
of tumors as either "hot" or "cold." However, this terminology may be a misrepresentation
as myeloid cells are one of the major cell types found across all tumors [81, 82|. Therefore,
these tumors are more appropriately described as being either T cell-inflamed or non-T cell-
inflamed. A schematic highlighting major differences between these two tumor types and
their distinct mechanisms for immune evasion is shown in Figure 1.3. Understanding the
tumor immune microenvironment is thus crucial to determining what patients will benefit
most from ICB therapy and identifying potential mechanisms to therapeutically overcome

immune exclusion in non-T cell-inflamed tumors.
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Figure 1.3: T cell and non-T cell-inflamed tumors. The schematic shows scenarios
representative of T cell-inflamed tumors and non-T cell-inflamed tumors, colloquially referred
to as "hot" and "cold" tumors, respectively. T cell-inflamed tumors are characterized by the
presence of CD8™ T cells and an overall type I IFN gene signature. These tumors represent
an endogenous anti-tumor response, as described by the anti-tumor immunity cycle. In this
case, immune evasion is possible through the engagement of checkpoint molecules. Non-T
cell-inflamed tumors are conversely characterized by the overall lack of CD8" T cells and
are rather enriched for suppressive myeloid cells. These tumors achieve immune evasion by
the overall exclusion of T cells from tumors.

Understanding mechanisms that dictate T cell infiltration into tumors is imperative to
extract maximum benefit from ICB therapies. However, other host-intrinsic pathways also
dictate not just T cell responses but also broad immunity (Figure 1.4). As tumors arise
by the selection of preferential mutations that allow for tumor growth and persistence, it is
no surprise that the expression of certain oncogenes can also have an impact on the tumor
immune infiltrate. Our group has characterized one such example where the expression of
p-catenin in tumors results in the exclusion of DCs and T cells [83]. The gut microbiome
is another component that can have drastic implications on immunity and response to ICB
therapy. Work from our lab established a role for the gut microbiome as a mediator of ICB
response in preclinical models and showed differences in the gut microbiome of patients that

either responded or were refractory to ICB therapy [84, 85]. Further work has shown that
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interventions targeting the gut microbiome are effective in improving ICB efficacy in some
patients [86, 87, 88]. Lastly, there is growing evidence to suggest that host germline genetic
differences could play a role in anti-tumor immunity [89, 90, 91, 92|. The present work aims
to characterize further potential differences driven by host germline genetic differences in the

context of anti-tumor immunity.
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Figure 1.4: Immunotherapy efficacy can be affected by a variety of factors.
Schematic showing four main mechanisms that dictate responses to cancer immunother-
apy. On the upper left, germline single nucleotide polymorphisms are depicted, especially
those affecting the expression of immune regulatory genes. The top right section highlights
tumor somatic mutations, such as those leading to oncogenes. The bottom left panel focuses
on environmental factors like the gut microbiome. Lastly, the bottom right section empha-
sizes the impact of T cell infiltration on immunotherapy efficacy.
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1.5 Cancer immunotherapy and autoimmunity

The rise of cancer immunology has culminated in the understanding that one of the major
reasons tumors arise is the lack of immune-mediated tumor clearance in immunocompetent
patients. In other words, the immune system has been turned "off" in a case where it
should be "on." Autoimmunity lies on the opposite end of this spectrum, where the immune
system is promiscuously activated in the absence of an external immunological challenge.
Thus, in autoimmunity, immune cells break self-tolerance and damage healthy tissue, while
in cancer, a lack of immunity against cancerous cells allows tumors to persist [93]. This
inverse relationship has drawn an increasing amount of attention in recent years, suggesting
that the mechanisms of pathology in one disease could serve as therapeutic interventions in
the other.

Another example of this is the observation that cancer immunotherapies can result in
cytotoxicity termed immune-related associated effects (irAEs), given their resemblance to
autoimmunity (94, 95]. One of the best examples of this phenomenon is the development
of vitiligo in melanoma patients treated with immune checkpoint inhibitors (ICB) [96, 97].
Vitiligo is a type of autoimmune disease where T cells target and destroy melanocytes,
characterized by light patches of skin as a result of a lack of melanin pigmentation. The rate of
melanoma-associated vitiligo in patients treated with checkpoint blockade is estimated to be
15-25%, while the incidence in the general population is between 0.05-1.5% [98]. Importantly,
across tumor types, irAEs onset is associated with increased survival in patients treated
with ICB [99, 96, 97]. In this way, understanding the development and consequences of
autoimmune-like sequelae in patients treated with ICB represents is imperative.

Interestingly, recent research has discovered that autoreactive T cells exist in the pe-
riphery and are kept dormant through PD-1/PD-L1 interactions [100]. These observations
are in stark contrast to the dogma that autoreactive T cells are eliminated during thymic

development but supported by a recent report that autoreactive T cells are, in fact, prema-
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turely evicted from the thymus and develop into self-tolerant mature T cells in the periphery
[101, 102|. These observations are further supported by the observations that loss of func-
tion polymorphisms in PD-1/PD-L1 and CTLA-4 are associated with increased incidence of
a variety of autoimmune diseases [103, 104]. Similarly, SNPs identified from autoimmune
GWAS screens have also been shown to be predictive of the development of irAEs and overall
response to ICB therapy [105, 106, 107]. This presents a unique opportunity to mine au-
toimmune GWAS studies to identify loss of function mutations in immune regulatory genes

as novel targets for cancer immunotherapy.

1.6 A SNP in PTPN22 increases risk for autoimmunity

The gene tyrosine-protein phosphatase nonreceptor type 22 (PTPN22), located on chro-
mosome 1p 13.3-13.1, encodes the human protein the cytoplasmic lymphocyte-specific phos-
phatase (Lyp) made up of 21 exons. The mouse ortholog, located on chromosome 3, is
termed PEST domain-enriched tyrosine phosphatase (PEP) and is comprised of 23 exons.
The catalytic domains share nearly complete identity (90%) while the protein as a whole
has 70% identity per NCBI BLAST [108, 109]. PEP and Lyp are referred to as PTPN22
collectively in the field and will be referred to as such in this dissertation. PTPN22 was
first cloned in the early 1990s and identified for its exclusive expression on hematopoietic
cells, its function as a tyrosine phosphatase, and its interaction with the TCR regulator Csk
[110, 111]. These early identifications suggested its role as an immune regulatory molecule,
especially in T cells.

In 2004 gene, gene-wide association (GWAS) studies first identified an SNP in PTPN22
associated with rheumatoid arthritis, type 1 diabetes, and systemic lupus erythematosus
(SLE) [112, 113, 114]. Further analyses from other autoimmune-associated GWAS estab-
lished the SNP rs2476601 as the single most important contributor to autoimmune diseases

outside of the HLA locus [115]. This mutation creates a CI1858T allele, resulting in an
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R620W substitution. Interestingly, mice bearing the homolog R619W mutation and lym-
phocytes from autoimmune-burned individuals carrying the R620W mutation displayed 50%
higher catalytic activity compared to wildtype but is ultimately degraded almost immedi-
ately, resulting in a loss-of-function phenotype [116, 117|. The generation of a global PTPN22
mouse revealed an age-associated expansion of immune cells and hyperresponsiveness of T
cells ex vivo, confirming its role as a key regulator of immune homeostasis [118]. Interest-
ingly, studies in PTPN22 KO mice have shown both increased incidence of autoimmunity
in some cases and protection in others, reflective of similar context-dependent studies in
patients [119, 120, 121, 122, 123|. These studies establish PTPN22 as a strong regulatory of

immunity, making it attractive to study in immune-related diseases.

1.7 PTPN22 plays multiple roles in lymphocytes and myeloid cells

Mechanistically, PTPN22 has thus far been described to have several functional roles in
different immune cell types. Primarily, PTPN22 has been shown to regulate de-phosphorylation
of T- and B-cell receptor (TCR and BCR, respectively) signaling proteins and stabilization
of TRAF3 in Toll-like receptor (TLR) signaling in myeloid cells. Through these mechanisms,
PTPN22 might serve to inhibit TCR/BCR signaling yet may activate TLR signaling [115].
Studies in T cells have revealed that PTPN22 loss leads to 1) increased effector and memory
CD8" T cell responses, 2) increased sensitivity to low-affinity antigens, and 3) dysregulated
regulatory T cells (Tregs) activity [118, 124, 125, 126|. The regulation of T cell activity and
identity by PTPN22 is further highlighted by the fact that PTPN22 mRNA expression in-
creases with the expression of CD44 in T cells [127]. These studies also showed that PTPN22
KO CD8" T cells could out-compete WT T cells in RAG/~ hosts and were more resistant
to wildtype Treg suppression. However, PTPN22 KO Tregs were also found to be more
suppressive than wildtype Tregs and could control PTPN22 KO CD8" T cells accordingly.

PTPN22 has also been shown to play a role in regulating myeloid cell activity. Chiefly,
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it has been shown to promote TLR signaling by driving TRAF3 autoubiquination and sta-
bilization in antiviral responses [121|. However, those studies showed reduced activation of
bone marrow-derived dendritic cells (BMDCs) in response to LPS stimulation, contradictory
to other results [117]. Others have also shown that in BMDCs, PTPN22 is dispensable for
antigen processing and subsequent T cell activation but rather has been implicated as a
negative regulator in the presentation of immune complex-derived antigens [128, 129|. How-
ever, those experiments again utilized BMDCs and did not distinguish between DC subsets,
potentially confounding results.

Further, it has also been proposed that PTPN22 functions as a negative regulator of cDC2
homeostasis and ¢cDC2-driven CD4+ T cell-driven responses [130]. In this case, PTPN22
was found to directly and exclusively impact ¢cDC2 proliferation, though the authors did not
thoroughly characterize changes in DC-associated activation markers. Interestingly, earlier
work looking at the effect of the autoimmune-associated variant found that BMDCs in this
model were also more potent activators of CD4" T cells in the presence of antigens [117].
These data suggest an important yet incompletely characterized role of PTPN22 in DCs.
Lastly, there is also limited evidence that PTPN22 suppresses M1 macrophage polarization
and drives the expression of an M2-associated profile, further highlighting the importance of
PTPN22 in the myeloid lineage [131|. However, this is the only report of PTPN22-mediated
regulation of macrophage polarization, and further work is needed to confirm these findings.

An important caveat of the above-described experiments is that they were carried out
using the global PTPN22 KO or global R619W knock-in (KI) mice. In such systems, altered
activation of one cellular subset (e.g. T cells) could indirectly result in altered activation of
another subset (e.g. DCs). This is an important consideration as CD4 " T cells "license" DCs
by stimulating and activating their co-stimulatory receptors. Improved or aberrant licensing
in global PTPN22 deficient mice could result in changes in DC states and functionality that

are ultimately not cell-intrinsic. Given the strong T cell phenotypes observed in these mice,
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it is thus impossible to dissect cell intrinsic vs extrinsic mechanisms mediated by modulation
of PTPN22. For this reason, a conditional KO mouse model is desirable to identify cell

lineage-intrinsic roles of PTPN22 directly.

1.8 PTPN22 is a functionally relevant target for anti-tumor

immunity

The expansion of effector CD8" in PTPN22 KO mice was first described in 2004, but it
was not until 2017 that loss of PTPN22 in immune cells was first described as beneficial in the
context of anti-tumor immunity [118, 132]. These initial experiments crossed PTPN22 KO
mice with OT-I mice (where CD8" have transgenic TCRs specific for the OVA peptide).
The intraperitoneal administration of PTPN22 KO OT-I T cells in mice bearing OVA-
expressing ID8 tumors (established by intraperitoneal injection) showed that these T cells
were superior in controlling tumors as compared to WT OT-I T cells. Specifically, these
studies showed that PTPN22 KO OT-I T cells could overcome TGF 3 suppression through
increased expression of IL-2. Memory PTPN22 KO OT-I cells (CD44 " CD62L ") were also
shown to control lymphoma tumors expressing OVA upon re-challenge [125]. However, more
recent work has shown that general PTPN22 KO in T cell-based therapies does not confer
any added protection. Specifically, PTPN22 KO CAR-T cells showed no difference to WT
controls in mouse and humanized models. The lack of a substantial effect in PTPN22 KO
for T cell-based therapies has been attributed to their increased rate of exhaustion and
overall lack of persistence [133, 134]. These data suggest that PTPN22 might be regulating
anti-tumor immunity through other cellular compartments.

Others have added to this body of work by testing endogenous tumor control in PTPN22
KO and R619W KI mice. PTPN22 KO mice generated on a BALB/cJ background did not
show any differences in the control of colon cancer cell lines MC38 and CT26. However,

PTPN22 KO mice responded better to anti-PD-L1 therapy in both models [135]. Moreover,
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PTPN22 KO mice were able to reject Hepal-6 tumor growth without treatment, allowing
them to test for the dependency of different immune cells for their control. Depletion studies
showed that the rejection of Hepal-6 tumors in PTPN22 KO mice was dependent on CD8"
and CD4 " T cells and partially through IFNAR signaling. Interestingly, these experiments
were accompanied by favorable changes in the T cell compartment, but no differences were
observed in DCs or macrophages. Lastly, an analysis of patients treated with anti-PD-L1
revealed that patients homozygous for the pro-autoimmune risk variant R620W had increased
survival in comparison to WT carriers.

Improved endogenous tumor control was confirmed in the original PTPN22 KO mice
on a C57BL/6 background. Specifically, those experiments showed that PTPN22 KO mice
on this background could more efficiently control MC38 tumors and were similarly more
responsive to anti-PD-L1 treatment [136]. Unlike mice on the BALB/cJ background, when
challenged with tumors, these PTPN22 KO mice showed differences in the myeloid com-
partment. Specifically, tumor control in this model was associated with the presence of
M1-like tumor-associated macrophages in addition to CD8" T cells. They also described
the development of a targeted PTPN22 inhibitor that, under frequent dosing, phenocopied
PTPN22 KO animals. Interestingly, using immune cell type deconvolution through CIBER-
SORT, they showed that decreased expression of PTPN22 was correlated with an activated
DC gene signature across multiple tumor types in TCGA data. While this model did not
observe specific changes in DCs, recent studies utilizing the R619W KI mouse model did ob-
serve an increase in CD103" DCs in tumor-bearing mice [137]. This work confirms improved
endogenous tumor control in PTPN22 KO and R619W KI animals and provides evidence
for the involvement of DCs.

Together, these data highlight two main points: 1) global loss of PTPN22 function endows
increased tumor control, and 2) immune-mediated tumor control in PTPN22 deficient mice

cannot be solely explained by activity in T cells. The establishment of improved anti-tumor
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immunity by loss of PTPN22 function is evidenced by data from a variety of independently
and commonly used PTPN22 KO and PTPN22 R619W KI mice. Furthermore, careful work
focused on the use of PTPN22 KO T cells confirms its role as a potent regulator of TCR
signaling but also underscores the contribution of other immune compartments regulated by
PTPN22 that are yet to be discovered. Further, data from non-tumor-bearing mice in this
context also suggest changes in the myeloid compartment, with an emphasis on DCs. While
the details of these effects are confounded by the global loss of PTPN22 in other immune
cells involved in cross-activation and signaling, the notion of PTPN22 as a regulator of DC
function is also supported by deconvolution of TCGA data showing a negative correlation
between PTPN22 expression and DC activation status. The work outlined here thus aims to
decipher the cell-intrinsic role of PTPN22 in myeloid cells with an emphasis on DCs through

the use of a novel conditional PTPN22 knockout mouse model.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Mouse models

All of the animal experiments were performed with mice on the C57BL/6 genetic back-
ground. PT PN22/fl mice were exclusively for our laboratory by Cyagen. Briefly, loxP sites,
along with self-deletion anchor sites, were inserted into the PTPN22 gene locus of mouse
embryonic stem cells (ES), flanking exons 2 - 8. ES clones N-1H7 and N-2B5 were injected
into C57BL /6 albino embryos, which were then re-implanted into immunocompromised CD-
1 pseudo-pregnant females. Desired animals were identified by their coat color, and their
germline transmission was confirmed by breeding with C57BL/6 females and subsequent
genotyping of the offspring. The company delivered three male heterozygous targeted mice
from clone N-1H7 and three male and one female heterozygous targeted mice from clone N-
2B5. These mice were subsequently bred with C57BL/6 over several generations to ensure
the proper genetic background for future breeding with other mouse models.

For conditional knockouts, PTPN22f/fl mice were bred with CD11c-Cre mice to target
dendritic cells and LysM-Cre mice to target macrophages. However, given the unintended
targeting of neutrophils in the LysM-Cre model, a more specific model was sought out. The
macrophage-specific CD64-Cre mouse model was a kind gift from Dr. Ming Li from the
Memorial Sloan Kettering Cancer Center. CD11c-Cre and LysM-Cre mice were obtained
from the Jackson Laboratory (Strain #: 008068 and 004781, respectively).

Mice breeding pairs always included a Cre " (heterozygous) and a Cre™ (wild type) mouse,
both on the PTPN22fl/1 background, to ensure mixed litters for experiments. Litter mates
were utilized in experiments to reduce the impact of genetic drift and gut microbiome dif-
ferences, as has been previously shown in the laboratory [84]. Mice aged 6 - 12 weeks were

used in all of the experiments, ensuring age-matching between experimental groups. Both
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male and female mice were used and indicated as necessary.

Target Primer 1 Primer 2 Primer 3 Primer 4 ‘WT Product Mutant Product
PTPN22 TATGTGCACCCATGTGTATGAGTC TTCACAAGAATTCCCAGAACCAATG n/a n/a 209 251
CDllc ACTTGGCAGCTGTCTCCAAG GCGAACATCTTCAGGTTCTG GTCAGTCGAGTGCACAGTTT CAAATGTTGCTTGTCTGGTG 200 313

LysM CCCAGAAATGCCAGATTACG CTTGGGCTGCCAGAATTTCTC TTACAGTCGGCCAGGCTGAC n/a 350 700

CDG64 GCGATGGCGTGTATGAAGAA AACATTCGACAACCCCCGC CCGCCTTTGCAGGTGTATCTT n/a 320 499

Table 2.1: Mice genotyping primer sequences.

2.2 CD1l1lct MACS enrichment

The CD1lc MicroBeads from Miltenyi (130-125-835) were used to selectively enrich
CD11c™ DCs from mouse spleens primarily but also from processed tumors, as discussed
later, per the manufacturer’s protocol. Mice were euthanized via incubation in the CO9
chamber for 5 minutes and underwent cervical dislocation as a secondary method. The
spleens of euthanized mice were collected into 1mL of un-supplemented RPMI media on ice
and chopped finely with scissors. Chopped spleens were then passed through a 70uM cell
strainer (Corning, 352350) and washed with ice-cold PBS. The 20mL cell suspensions were
then centrifuged at 400g for 5 minutes. Cell pellets were resuspended in 400uL of MACS
Buffer (PBS with 2mM EDTA and 1% FBS) with 100uL of MACS CD11c MicroBeads and
incubated at 4°C in the dark for 30 minutes. Cells were then washed with ice-cold MACS
Buffer, centrifuged, and resuspended in 500uL of MACs Buffer thoroughly. LS columns (Mil-
tenyi, 130-042-401) mounted on QuadroMacs magnets (Miltenyi, 130-091-051) and primed
with 3mLs of MACS Buffer. After priming the columns, the 500uL cell suspension was
then loaded and allowed to pass through. Columns were washed with 9mLs total of ice-cold
MACS buffer in three rounds, and selected CD11c™ cells were collected by plunging 5mLs of
MACS buffer into a collection tube. These cells represented CD11c¢™ DCs that can be used

for downstream experiments and analysis.
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2.3 RNA isolation for quantitative, real-time PCR

In order to verify the conditional KO (cKO) of PTPN22, CD1lc" cells were isolated
as described above, utilizing the CD11c MicroBeads for MACS purification. Following the
manufacturer’s protocol, RNA was isolated using a Qiagen RNeasy Plus Micro Kit (74034)

and subsequently quantified on a NanoDrop One (Fisher Scientific, 13-400-525).

2.4 qRT-PCR for confirming genotype

cDNA was generated from isolated RNA using the High-Capacity cDNA Reverse Tran-
scription Kit (Fisher, 4368814), resuspended to a final volume of 200uL and 5uL used for
qRT-PCR reactions in a final volume of 25uL per reaction. The quantification of mRNA was
conducted using the TagMan gene expression master mix (Fisher, 4369514) on a StepOnePlus
Real-Time PCR System (Applied Biosystems,4376600) in MicroAmp Fast Optical 96-Well
reaction plates (Applied Biosystems, 434907). Each sample was run in triplicate wells and
the CT of those wells was averaged before expression levels were calculated by the following
formula: DCT = CTgapgn — CTgene of interest; expression level — oDCT " Forward and

reverse mRNA-specific primers were used along with Roche’s Universal Probe noted below.

Target Primer 1 Primer 2 Probe
GAPDH agcttgtcatcaacgggaag  tttgatgttagtggggtceteg 9
PTPN22 cattgtcatggcatgtatgga ggatatagaaaaggggccaaa 2

Table 2.2: Primers for PTPN22 qPCR.

2.5 Tumor models and inoculation

Tumor models consisted of murine cancer cell lines syngeneic to the C57BL /6 background.
Specifically, our lab has engineered the murine melanoma cell line B16F10 to express the

model antigen SIY linked to a dsRed fluorophore, as well as the murine colorectal cancer
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cell line MC38 to express the model antigen linked to a GFP fluorophore. These will be
referred to as B16.SIY and MC38.SIY, respectively, moving forward. Using the respective
fluorophores, these cell lines were routinely checked and sorted via fluorescence-activated
cell sorting (FACS) to ensure uniform expression of the model antigen to achieve desired
immunogenicity. More information is provided in the original publication [138§].

Both cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) high in
glucose and pyruvate (ThermoFisher, 11995073) supplemented with 5% FBS and 1% MOPS
buffer, MEM Non-Essential Amino Acids (ThermoFisher, 11140050), and Penicillin-Streptomycin
(ThermoFisher, 15140122). Cells were grown in incubators at 37°C and 8% COg and
trypsinized with Trypsin-EDTA 0.25% (ThermoFisher, 25200072) for 2-3 minutes at 37°C
for harvesting and passaging. Cells were never passaged more than twice prior to injection
to prevent the accumulation of novel mutations. The parental B16F10 and MC38 cell lines
were cultured in the same way as their derivatives.

For tumor inoculation, tumor cell lines were harvested and resuspended at a concentration
of 10 - 20 million cells per mL in PBS, depending on the experiment. Cell suspensions
were mixed thoroughly, with care to avoid bubbles, and loaded into 1mL 28G syringes
(Fisher, 14-841-31). The fur of the mice was separated using small amounts of 70% EtOH
to sterilize the area and create a clear window for injection into the lateral flanks of the
mice. Each mouse was injected with 100uL of cell suspension, resulting in the injection of
1 - 2 million cells, depending on the experiment. B16.SIY cells were injected intradermally
or subcutaneously and MC38.STY and M(C38 cells were exclusively injected subcutaneously.
Tumor measurements began on day 10 post-inoculation and were measured using calipers
three times a week until the end of the experiment. Tumor volume was calculated by the

following formula: Width x Height x Length = Volume (cm?).
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2.6 Tumor and tissue processing for immune cell enrichment

Tumor-bearing mice were euthanized as previously described using CO9 chambers and
cervical dislocation. The desired organs were carefully removed and placed on PBS on ice.
For B16.SIY tumors, care was taken so as not to compromise the integrity of the tumor (not
an issue with MC38 type tumors). If tumors were injected intradermally, it was necessary
to trim as much of the scabbing/ulceration and fur as possible. Tumors were then weighed
prior to being put on PBS on ice. Extreme care was also taken to avoid the tumor-draining
lymph nodes (tdLLNs) when removing the tumors. Depending on the experiment, the spleen
and tdLNs were also removed and placed on PBS on ice. Once the tissues/organs of all
the mice had been collected, they were moved to new receptacles containing 1X digestion
buffer prepared in un-supplemented RPMI media. For the digestion buffer, 10X aliquots
were made up of 10mg Collagenase IV (Sigma, C5138-1G), 1lmg Hyaluranidase V (Sigma,
H6254-500MG), and 200U DNAse I Type IV (Sigma, D5025-150KU) Hyaluranidase and
DNAse stock solutions were dissolved in HBSS with no calcium, magnesium or phenol red
(ThermoFisher, 14175095).

Tumors in 1X digestion buffer were cut up thoroughly using scissors quickly vortexed,
and returned back to ice until all samples were ready. Spleens and tdLNs in 1X digestion
buffer were processed by using syringes to inject digestion buffer into the organs and to tear
the tissues apart. Omnce all tissues had been processed in 1X digestion buffer, they were
incubated at 37°C while shaking for 30 minutes. Following the incubation, all tissues were
returned to ice, passed through a 70uM filter, and washed with ice-cold PBS up to 40mLs for
tumors, 25mLs for spleens, and 10 mLs for tdLNs. Cell suspensions were then centrifuged
at 400g for 5 minutes. At this point, tdLNs were ready for staining and were left at 4°C
until needed. Spleens undergo RBC lysis by being placed in 1X RBC lysis (BD, 555899)
buffer for 10 minutes per the manufacturer’s protocol. Spleens were washed with ice-cold

PBS, centrifuged, resuspended in ice-cold PBS, and left at 4°C until ready for further use.
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Following centrifugation, tumor cell suspensions were resuspended in 20mLs of ice-cold PBS
and vortexed thoroughly before slowly adding 6mLs of Ficoll-Paque (Fisher, 17144003) to
the bottom of each sample and spun at 400g for 30 minutes without breaks. Tumor samples
were handled carefully so as not to disturb phase separation, and the buffy coat containing
immune cells was removed and washed with ice-cold PBS. At this point, all tissues were now

in single-cell suspensions and ready for downstream experimentation.

2.7 Cellular staining and flow cytometry analysis of immune cells

Cellular staining is performed only on single-cell suspensions, such as those generated in
the procedures mentioned above. Samples were resuspended 100-5004 and moved to either
96-well U-bottom plates (ThermoFisher, 163320) or cluster tubes (Corning, 4401). Samples
were then centrifuged at 400g for 5 minutes and were now ready to be stained. In the case
of SIY-pentamer staining, samples were first incubated with Fc Block (BioLegend, 101302)
and SIY-pentamer (Prolmmune, F1803-2B - 150 test R-PE) in Brilliant Stain Buffer Plus
(BD, 566385) diluted 1:3 in PBS for 30 minutes in the dark. The master mix was then added
on top of this solution and samples were incubated for an additional 30 minutes. Following
incubation, samples were washed with PBS and centrifuged at 400g for 5 minutes. If no
intracellular staining was needed, cells were resuspended in PBS and were ready for flow
cytometry. Cells were fixed and permeabilized for intracellular staining with the FOXP3
Transcription Factor Staining Set (ThermoFisher, 00-5523-00). Cells were then stained with
the intracellular master mix in the dark, overnight, and at 4°C. The next morning, cells are
washed with Fix/Perm Buffer, centrifuged, and resuspended in 100uL for flow cytometry.
FACS buffer was not used to avoid autofluorescence issues during flow cytometry. Single stain
controls were prepared with UltraComp ebeads (ThermoFisher, 01-3333-42). The panel used
for primary immune profiling of mice is listed below.

Flow cytometry was run on 5L Cytek Aurora machines. Experiments ran in 96-well,
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Marker Fluorophore Clone Dilution Vendor Cat. No.
PD1 BUV395 J43 1:200 BD 744549
CD86 BUV 496 PO3 1:200 BD 750437
CD69 BUV563 H12F3 1:200 BD 741234
Ly6G BUV661 1A8 1:200 BD 741587

CD103 BV421 2E7 1:200 BioLegend 121422

[-A/I-E Pacific Blue ~ M5/114.15.2 1:400 BioLegend 107620

CD19 BV510 6D5 1:200 BioLegend 115546
CD11b BV570 M1/70 1:200 BioLegend 115546
CD206 BV605 C068C2 1:200 BioLegend 141721
CD317 BV650 927 1:200 BioLegend 127019
Ki67 BVT11 B56 1:100 BD 563755
CD4 Spark NIR 685 GK1.5 1:200 BBioLegendD 100476
Ly6C BV785 HK1.4 1:200 BioLegend 128041
CDh44 FITC IM7 1:200 BioLegend 103006
CD45 AF532 30-F11 1:400 [nvitrogen 58-0451-82
F4/80 PerCP/Cy5.5 BMS 1:200 eBio 45-4801-80
CD8a PerCP-ef710 53-6.7 1:200 eBio 46-0081-82
STY PE n/a 1:25 Prolmmune  F1803-2B
CD80 PE-Dazzle 594 16-10A1 1:200 BioLegend 104738
CD62L PE-Cy7 MEL-14 1:200 eBio 25-0621-82
CDl1l1c AF647 N418 1:200 BioLegend 117312
Foxp3 APC FJK-16s 1:75 eBio 17-5773-82
CD3 AF700 17A2 1:200 BioLegend 100216
NK1.1 APC-Cy7 PK136 1:200 BioLegend 108724
Tumor dsRed/GFP n/a 1:200 n/a n/a
LD Zombie NIR n/a 1:400 BioLegend 423106
Fc Block N/A 93 1:200 BioLegend 101302

Table 2.3: Flow cytometry panel for general immune profiling.

flat bottom plates or cluster tubes. The machine was calibrated daily for QC, and stock
parameters and voltages were used. Forward scatter (FSC) was set to 40, and side scatter
(SSC) was set to 10 for every experiment. Reference controls comprised of single stain
samples were run first, followed by experimental samples. Samples were Unmixed without
autofluorescence extraction and checked for compensation issues with NxN plots and manual
adjustment based on controls as needed. FCS files were exported and analyzed through the

FlowJo software Version 10.9.0. Exported data was cleaned using either RStudio Version
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2022.07.0 and R 4.2.1 (2022-06-23) or in Microsoft Excel. Data was visualized and analyzed

in GraphPad Prism 10, described elsewhere.

2.8 Gating strategies for flow cytometry

As previously mentioned, all flow cytometry experiments were run on 5L Cytek Aurora
machines, and data was unmixed and prepared for analysis on SpectroFlo software. Gating
was performed in FlowJo FlowJo v10.9.0. General population gates were determined by
conventional immunology knowledge and validated gating strategies. The gating of activation
markers was all based on the lack of expression on fluorescence minus one (FMO) controls.
Each cell population had its own FMO, resulting in potentially different gating for the same
activation marker on different cell types. This is important as different cell types have varying
levels of autofluorescence as a result of cell shape and size, also causing variance in how each
cell type is stained by the master mix applied to all cells. For experiments assaying for
tumor-derived material represented by dsRed, B16F10 tumors lacking expression of SI'Y and
dsRed were used as FMOs. Below are the gating strategies used for different experiments as
specified accordingly. In all cases, PTPN22f/fl x Cret mice (PTPN22 cKO) are shown in

red, while PTPN22/% x Cre” mice (WT) are shown in black.
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Figure 2.7: General gating strategy for tdLNS of day 7 B16.SIY tumor-bearing
mice for immune profiling. Tumor draining lymph nodes (tdLNs) from pTPN22f/fl ¢
Cre" and Cre” and mice were collected on day 7, and immune cells were isolated. Single-cell
suspensions were stained and analyzed by flow cytometry.
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Figure 2.9: DCs activation in tdLNS of day 7 B16.SIY tumor-bearing mice for
immune profiling. Tumor draining lymph nodes (tdLNs) from PT PN22l/fl x Cret and
Cre™ and mice were collected on day 7 and immune cells were isolated. Dcs were subtypes
into (A) CD8a" (B) CD103" and (C) CD11b" DCs. Single-cell suspensions were stained
and analyzed by flow cytometry. PTPN22 ¢cKO mice are represented in red and W'T mice
are represented in black.
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Figure 2.10: General gating strategy for B16.SIY tumors on day 20. Tumors from
PTPN22f/fl ¥ Cre and Cre” and mice were collected on day 20, and immune cells were
isolated. Single-cell suspensions were stained and analyzed by flow cytometry.
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Figure 2.11: Indentification of dsRed™ DCs from day 20 B16.SIY tumors. Tumors
from PTPN228/8 x Cre™ and Cre” and mice were collected on day 20, and immune cells
were isolated. B16F10 tumors lacking SIY and dsRed were used as controls to identify cells
positive for dsRed acquisition. Gating for (A) DCs and their subtypes are shown as well as
gating for (B) dsRed in C103" and CD11b" DCs along with the MFI. PTPN22 c¢KO mice

are represented in red and W'T mice are represented in black.
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Figure 2.12: Activation profile of dsRed™ DCs from day 20 B16.SIY tumors.
Tumors from PTPN22f/fl x Cre ™ and Cre” and mice were collected on day 20, and immune
cells were isolated. B16F10 tumors lacking SIY and dsRed were used as controls to identify
cells positive for dsRed acquisition. CD80 and CD86, along with their MFIs, are shown for
(A) CD103" and (B) CD11b" DCs. PTPN22 cKO mice are represented in red and WT
mice are represented in black.
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Figure 2.14: General gating strategy for CD11cT cells enriched from spleens
cultured in vitro with OVA substrates. CD11lc" cells were enriched from spleens of
naive PTPN228/f x Cre™ and Cre” mice and cultured in U-bottom well plates for 2-3 hours
at 37°C with OVA substrates.
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Figure 2.15: Antigen processing and presentation of CD1lct cells in vitro.
CD11c " cells were enriched from spleens of naive PTPN22t/fl x Cret and Cre” mice and
cultured in U-bottom well plates for 2-3 hours at 37°C with OVA substrates The MFIs of
DQ-OVA are shown from untreated (light colored) and high dose (darker colored) along with
the gating for OVA-H2Kb for (A) CD103" and (B) CD11b" DCs. PTPN22 cKO mice are
represented in red and WT mice are represented in black.
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2.9 IFN-vy Enzyme-Linked Immunospot (ELISPOT) assay

IFN-v ELISPOT assays were used to probe the priming of tumor antigen-specific CD8"
T cells from day 7 tumor-bearing mice. Mice were injected with 2 million B16.STY cells
in the flank subcutaneously, as previously described. On day 7, mice were euthanized, and
both spleens and tdLLNs were collected and processed as previously described. Single-cell
suspensions of spleens were counted and prepared to be plated at 1 million cells per well
in triplicate. The night before, ELISPOT 96 well-plate (Millipore, MAIPS4510) was coated
with capture antibody (BD, 51-2525KZ) in a 1:200 dilution and incubated at 4°C. The plate
was washed twice with supplemented DMEM media and blocked for at least 2 hours at
room temperature with the same media. Supplemented DMEM media was made by adding
2-Mercaptoethanol 1 (Millipore, ES-007-E) to a final concentration of 50uM and 1X of a
house-made nutrient supplement solution (yellow mix). This media will be referred to as
complete DMEM media (¢cDMEM). After blocking, cells were seeded and stimulated with a
serial dilution of SIY peptide (SIYRYYGL) up to 160nM. Positive controls were stimulated
with 50ng/mL PMA (Fisher, 52-440-01MG) and 500ng/mL Ionomycin (Millipore, 10634-
IMG), while negative controls were exposed to an irrelevant OVA peptide (SIINFEKL). Cells
were incubated at 37°C overnight, taking care not to shake or move the plates throughout
incubation to avoid spot smudges. At this time, the tdLNS were stained for flow cytometry.

The next day, the cell suspension media was removed (avoiding cells at the bottom of
each well) and placed into a new well plate with the remainder of the cell suspension being
aspirated, and plates were washed thoroughly with DI HoO twice (including between the
membrane and the plate), followed by washing with Well Buffer (PBS with 0.05% Tween
20) twice more. The conditioned media from the plate was sealed and kept at 4°C for short-
term storage for later use. For IFN-v spot detection, the plate was incubated with a 1:2,000
dilution of a biotinylated detection antibody (BD, 51-1818KA) diluted in PBS with 10%

FBS for 1-2 hours at room temperature. The plate was then washed with Well Buffer and
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dabbed dry onto a paper towel before incubating with streptavidin-HRP at 1:100 in PBS
with 10% FBS for 1 hour at room temperature. The plate was washed 4x with Well Buffer
and soaked for 1-2 minutes per wash and with PBS x2 soaking for 5 minutes per wash before
being developed with AEC substrate (BD, 551951) at a concentration of 1 drop per mL for
6-7 minutes, or until dots became visible without overexposing (evident by halo-ing around
individual spots). The membrane was separated from the plate and let dry for 1-2 days.
The membranes were imaged utilizing an Immunospot Series 3 Analyzer and ImmunoSpot
software (Cellular Technology) in order to quantify the spot number and size. Data were

processed in Microsoft Excel and plotted using GraphPad Prism 10.

2.10 IL-2 enzyme-linked immunosorbent assay (ELISA)

Conditioned media collected from IFN-v ELISPOT assays were used to probe for the
secretion of IL-2 via ELISA. The conditioned media was sealed with paraffin in a 96-well
plate and kept at 4°C until ready for assay. The assay was performed using the IL-2 Mouse
Uncoated ELISA Kit (ThermoFisher, 88-7024-88) per the manufacturer’s protocol. Plates
were read using a BioTek Cytation 1 imaging reader with the Genb software, and data were

processed and visualized as previously described.

2.11 Antibody administration and treatments

Mice were treated with monoclonal antibodies (mAbs) for different experiments. In
all cases, mAbs were diluted in PBS and injected intraperitoneally with 100uL of mAbs.
Checkpoint blockade therapy was carried out by injecting tumor-bearing mice with 100ug
of anti-PD-L1 (BioXcell, BE0101) four times with two days between every treatment. De-
pending on the experiment, treatment regimens began on days 7, 9, or 12. The treatment

schema is noted as needed.
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For CD8" T cell depletion, mice were injected with 200ug one day prior to tumor in-
oculation and once weekly thereafter until the end of the experiment. Retro-orbital blood
collection was used to ensure cell depletion. Briefly, blood was washed in PBS and RBC

lysed, as previously discussed, and stained with the panel below for flow cytometry.

Marker Fluorophore Clone Dilution Vendor Cat. No.
CD45 APC 30-F11 1:200 BioLegend 10311 1
CD3 BV421 17A2 1:200 BioLegend 100228
CD4 PE GK1.5 1:200 eBio 12-0041-81
CDS8 FITC 53-6.7 1:200 BD 553031

Table 2.4: Flow cytometry panel check for CD8" T cell depletion.

2.12 In vivo proliferation, apoptosis, and antigen uptake analysis

The proliferation, apoptosis, and tumor-derived material uptake of intratumoral DCs
was measured via flow cytometry. Mice were injected with 1 million B16.SIY cells subcu-
taneously and euthanized on days 20-25, prior to the endpoint. Two additional mice were
injected with the parental B16F10 cell line for controls. Tumors were processed, and the
immune infiltrate was collected into single-cell suspensions. Tumor-infiltrating immune cells
were then prepared and stained for flow cytometry. Probing for proliferation and apoptosis
was achieved through the use of intracellular Ki67 and activated Caspase-3 staining. Mice
injected with B16F10 were used as controls for tumor-derived material defined by dsRed
expression (linked to SIY expression on B16.SIY cells). The flow cytometry panel is listed

below.

2.13 Ex vivo antigen uptake and processing by CD11c™ cells

CD1lc" were tested for their ability to take up and process antigens in vitro. Naive

mice were euthanized, and their spleens were collected as described above. However, spleens

46



Marker Fluorophore Clone Dilution Vendor Cat. No.
CDl1l1c BUV395 N418 1:200 BD 744180
CD11b BUV496 M1/70 1:200 BD 749864

CD3 BUV563 17A2 1:200 BD 741319
Ly6G BUV615 51A8 1:200 BD 751263
CD317 BUVS805 927 1:200 BD 749271
CD86 BV421 GL-1 1:200 BioLegend 105032
Ly6C PacBlue HK1.5 1:200 BioLegend 128013
CD80 BV510 16-10A1 1:200 BD 740130
Ki67 BV605 16A8 1:200 BioLegend 652413
CD103 BV785 2K7 1:200 BioLegend 121439
NK1.1 FITC PK136 1:200 BioLegend 108706
CD45 AF532 30-F11 1:400 Invitrogen 58-0451-82

[A/I-E PerCP/Cy5.5 M5/114.15.2 1:400 BioLegend 107626
Tumor dsRed n/a 1:200 n/a n/a
F4/80 PE-Cyb BMS 1:200 Invitrogen 15-4801-82

act-Casp3 AF647 C92-605 1:200 BD 560626

LD Zombie NIR n/a 1:400 BioLegend 423106
CD19 APC-Fire 750 6D5 1:200 BioLegend 115558

Fc Block N/A 93 1:200 BioLegend 101302

Table 2.5: Flow cytometry panel for proliferation, apoptosis, and antigen take up intratu-
moral CD11c™ cells.

were not digested with digestion buffer. For experiments utilizing non-tumor-bearing mice,
organs were cut and passed through a filter right away. Single-cell suspensions from spleens
were then enriched for CD11c™ with the CD11c MACS kit. Cells were counted and plated
in triplicate at 150K cells per well. Cells were pulsed with either DQ-OVA (ThermoFisher,
D12053) for antigen processing or with OVA-AF647 (ThermoFisher, 034784) for antigen
uptake. Both treatments were plated as serial dilutions spanning from 320ug/mL down to
0.313ug/mL. Plates were incubated for 2-3 hours at 37°C. Following incubation, cells were
centrifuged at 400g for 5 minutes, washed with ice-cold PBS, and stained for flow cytometry

analysis per the panel below. Experiments were replicated in both male and female mice.
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Marker Fluorophore Clone Dilution Vendor Cat. No.
CD45 BUV395 30-F11 1:200 BD 564279
CD103 BVT785 2E7 1:200 BioLegend 121439
CDl1l1c APC-Cy7 N418 1:200 BioLegend 117324
[-A/I-E PE-Cy7 M5/114.15.2 1:500 BioLegend 107630
CD11b BUV496 M1/70 1:200 BD 749864

LD ef506 GL-1 1:500 eBio 65-0866-14

H2-Kb-OVA APC 25-D1.16 1:100 eBio 17-5743-82
DQ-OVA FITC n/a n/a ThermoFisher ~ D12053
OVA-AF647 AF647 n/a n/a ThermoFisher 034784

Table 2.6: Flow cytometry panel for in vitro OVA experiments on CD11c " cells.

2.14 Ex vivo FLT3L stimulation of CD11c™ cells

CD11lc™ DCs were tested for their ability to respond to FLT3L stimulation in vitro.
Organs were processed as before, with the addition of inguinal and axillary lymph nodes
(LNs) taken along with spleens for the purification of CD11c" cells by MACS. CD11c" cells
from spleens and LNs were cultured at 37°C for 48 hours with 100 ng/mL of recombinant

F1t3L and analyzed by flow cytometry.

Marker Fluorophore Clone Dilution Vendor Cat. No.
CD45 BUV395 30-F11 1:200 BD 564279
CDl1l1c PE N418 1:200 BioLegend 117307
[-A/I-E BV605 M5/114.15.2 1:500 BioLegend 107639

LD ef506 GL-1 1:500 eBio 65-0866-14

Table 2.7: Flow cytometry panel for in vitro FLT3L experiments on CD11c™ cells.

2.15 CD11c™ enrichment for bulk RNA sequencing

Dendritic cells (DCs) are a rare subset of immune cells. These cells are even more rare
within tumors. In order to achieve a sufficient number of intratumoral CD11c™ DCs, 3-4
mice were pooled together, and these batches were repeated three times, resulting in a total

of 43 mice and 14 samples submitted for bulk RNA sequencing. Each batch of experiments
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was repeated in the exact same way. Mice were injected with 1.5 million B16.STY cell
subcutaneously and euthanized at day 20 to collect tumors. Tumors were processed as usual,
and single-cell suspensions of immune infiltrates were then enriched for CD11lc™ through
CD11c MACs. Enriched CD11c" fractions were then pooled together (2-4 mice depending
on the tumor size) and sorted on a BD FACSAria-III 3-14 Cell Sorter with the panel listed in
the table below. Sorted samples were resuspended in 1mL TRIzol (ThermoFisher, 15596026)

and frozen at -80C until all samples were obtained.

Marker Fluorophore Clone Dilution Vendor Cat. No.
CD45 APC 30-F11 1:200 BD 564279
CDl1l1c PE N418 1:200 BioLegend 117307
CD3 FITC 145-2C11 1:200 BD 553062
LD Zombie NIR n/a 1:400 BioLegend 423106

Table 2.8: Flow cytometry panel for sorting of enriched intratumoral CD11c™.

2.16 RNA isolation for bulk RNAseq

Once all samples were obtained, RNA was isolated utilizing a Qiagen RNeasy Micro
Kit (74004) with a modified protocol. Frozen samples were allowed to thaw and sit at
room temperature for 5 minutes while vortexing nearly every minute before adding 200uL
of Chloroform to each sample and vortexing vigorously. Samples were allowed to rest at
room temperature for 1 minute, vortexed again, and centrifuged at 15,000g for 10 minutes.
The upper clear layer was transferred into a new tube and proceeded per the manufacturer’s
protocol, beginning with Step 4. Steps 7-9 were also skipped. RNA was eluted in 15uL of
RNase-free water utilizing 1ul. to measure RNA concentration with a NaNoDrop One as

described above. Samples were placed at 4°C and left for QC and subsequent RNAseq.
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2.17 Bulk RNAseq of intratumoral CD11c™ cells

RNA was purified from intratumoral CD11c ™" cells as previously described and submitted
for bulk RNA sequencing in an Illumina NovaSeqX at the Genomics Facility at the University
of Chicago. An oligo-dT mRNA directional library was prepared for sequencing in 30M
PE100 clusters. Raw reads were processed with the help of Drs. Jason Shapiro and David
Tieri. Briefly, processing was performed with a variety of R packages, but all graphics and
data wrangling was carried out using the tidyverse suite of packages. Mapping of the reads
to the mouse reference genome GRCm38 was carried out with START, version 2.6.1d. with
quality reports being generated using fastqc and multiqc. The raw reads were mapped to
the Mus musculus transcriptome with Salmon, version 1.10.1, and were read into R using
txtimport. Non-protein coding regions and genes with low expression were removed, and

counts were normalized. Normalized counts were used for downstream analysis.

2.18 scRNAseq of MC38.S1Y tumors

Single-cell RNA sequencing (scRNAseq) of MC38.SIY tumors was performed and ana-
lyzed by Ruxandra Tonea from our laboratory. Briefly, mice were injected subcutaneously
with MC38.SIY-GFP cells (2 x 105), and tumors were harvested from two different mice at
day 21. Single-cell suspensions of the tumor immune infiltrate were stained, and live CD45+
cells were sorted on a MACSQuant Tyto Cell Sorter using two regular speed cartridges.
10000 cells from each biological replicate were loaded into the 10x Genomics Sequencer and
sequencing was performed by the 10x Genomics Core at UChicago. Reads were aligned,
and feature-barcode matrices were generated using the 10x Genomics Cell Ranger software.
Cells expressing a high percentage of mitochondrial RNA and lowly expressed genes were
excluded. Data was normalized using Seurat’s SCTransform function. Principal component

analysis (PCA) was performed first, followed by dimensionality reduction using RunUMAP
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on the top 30 principal components (PCs). The k-nearest neighbors were calculated, and
the SNN graph was constructed using Seurat’s FindNeighbors function. Pseudo-bulk differ-
ential expression via DESeq2-LRT method was performed to identify the top differentially
expressed genes in each cluster. Based on the top differentially expressed genes, each cluster

was annotated, as noted in Figure 4.21.

2.19 Graphical figures

All of the figures presented here were made by the author. For data-driven figures,
GraphPad Prism v10 was used for consolidation and organization of figures. Graphical

representations were created using BioRender.com.

2.20 Statistical analysis

Except for bulk RNAseq data, all of the data was managed and processed utilizing Mi-
crosoft Excel or R, as previously described, and statistical analysis was performed using
GraphPad Prism 10. Tumor growth curves were analyzed by two-way ANOVA, utilizing
Sidak’s Multiple Comparisons tests when appropriate, and are plotted as mean + /- S.E.M.
Survival curves were analyzed by Kaplan-Meier survival analysis with p values for Gehan-
Brewslow- Wilcoxon test reported. Violin plots were similarly analyzed by two-way ANOVA
and Sidak’s Multiple Comparisons test and by calculating the area under the curve and com-
paring it with an unpaired, two-tailed student’s t-test. Bar graph comparisons were analyzed
by unpaired, two-tailed student’s t-test (parametric) or Wilcoxon-Mann-Whitney test (non-
parametric) depending on normality. Spearman’s correlations were used for multivariable
analysis. Raw FCS files were unmixed using Cytke’s SpectroFlo software. For processed
flow cytometry data, all counts, percentages, and mean fluorescence intensities (MFI) were

calculated using FlowJo.
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CHAPTER 3
DELETION OF PTPN22 IN DENDRITIC CELLS AUGMENTS
ANTI-TUMOR IMMUNITY

3.1 Introduction

Within the past decade, immunotherapies have been developed targeting immune check-
points that normally are inhibitory for T cell function. As previously discussed in detail, the
best characterized to date are cytotoxic T lymphocyte antigen 4 (CTLA-4), programmed
cell death 1 (PD-1), and its ligand PD-L1 [139, 56]. Antibodies blocking the engagement
of these inhibitory receptors, or immune checkpoint blockade (ICB) therapy, have become
successful therapeutic agents in a broad array of cancers in the clinic. These include head
and neck cancer, melanoma, non-small cell lung cancer, Hodgkin lymphoma, hepatocellular
carcinoma, and others. ICB has been key in providing prolonged survival in patients with
normally fatal cancers. For example, about 20% of melanoma patients treated with anti-PD1
achieve a complete response that is often durable.

While ICB results in cures for some, the overall percentage of patients across all cancers
that respond to therapy remains low, making it critical to elucidate the mechanisms of resis-
tance against ICB. It is similarly important to identify new ways of activating the immune
system in order to elicit more effective anti-tumor responses. One major area of interest is
host germline genetic differences in immune regulatory genes. Given the association of the
PTPN22 SNP in autoimmunity, universal knock-out (KO) animals were generated, high-
lighting its role as a negative regulator of immunity. While PTPN22 KO animals display
heightened anti-tumor immunity, this does not seem to be mediated exclusively by T cells as
previously thought, underscoring to need to understand the role of PTPN22 in other immune
compartments. As key mediators of immunity, this work thus set out to understand the role

of PTPN22 in regulating myeloid cells in the context of anti-tumor immunity:.
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3.2 Results

3.2.1 Characterization of PTPN22 conditional knock out CD11c" mice

Previously published work has relied on either a universal KO mouse or a knock-in mouse
bearing the autoimmune-associated variant of PTPN22, R620W [118, 140, 135, 137|. While
the R620W knock-in model might recapitulate human pathology more faithfully, discrepan-
cies between mice and humans have resulted in contradictory results of this model. Chiefly,
it has been shown that this variant is 50% more catalytic but at the same time displays
decreased protein stability [115, 141]. The PTPN22 KO mouse model thus represents a
more reliable tool for characterizing PTPN22 regulation of the immune system. However,
this universal KO model cannot optimally distinguish effects intrinsic to specific cell sub-
populations. To address this, we generated a novel pTPN22{/ mouse, allowing us to study
its role in different immune compartments efficiently and selectively. Here, the use of this
model to selectively knock out PTPN22 in CD11c" dendritic cells and macrophage-lineage
cells is described.

The generation of a PTPN22 conditional knockout (cKO) mouse model was achieved by
the insertion of loxP sites flanking exons 2 and 8 in the PTPN22 gene. Under the expression
of Cre recombinase, these exons are excised, resulting in the loss of the expression of wild-
type (WT) PTPN22 expression (Figure 3.1). Real-time qPCR of CD11c" cells from the
spleens of cKO and WT mice confirm the conditional deletion of PTPN22 only in CD11c "
of Cre™ mice. PTPN22 global KO animals develop splenomegaly with age, attributed to
an accumulation of CD44" CD8" T cells [118]. In order to further characterize our novel
PTPN22 ¢KO, immune profiling of animals was carried out in both young (6.5 weeks) and
aged (20 months) mice, analyzing both the spleen and inguinal lymph nodes. No gross
differences were observed in young, naive mice. Further, immune-profiling did not reveal any

differences in the percentage of DCs and T cells or any of their subtypes, as well as B cells,
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Figure 3.1: Generation and validation of PTPN22 cKO in CD11ct compartment.
(A) Schematic of the PTPN22 conditional knockout (cKO) mouse model.  (B) Spleens
were collected from PTPN22f/fl Cret and Cre and CD11c" were isolated through CD11c
MACS enrichment. RNA was isolated to generate cDNA for qPCR in order to quantify the
relative expression of PTPN22.

natural killers (NK) cells, macrophages, monocytes, and neutrophils (Figure 3.2). Given the
accumulation of lymphocytes in aged (6-month) mice in the global PTPN22 KO, cKO mice
were aged to 20 months in order to identify any potential differences that may arise with age.
Similarly to young mice, aged PTPN22 cKO mice displayed no gross differences, evidenced
by a lack of difference between body and spleen weights. Immune-profiling of the spleens
and inguinal lymph nodes further confirmed no differences in any immune compartment,
in stark comparison to the accumulations seen in aged, global PTPN22 KO mice (Figure

3.3). Thus, validated conditional knockout of PTPN22 in the CD11c" compartment does
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not have any baseline effects on the immune profiles of naive mice, regardless of age.
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Figure 3.2: Immune-profiling of young PTPN22 cKO mice. Spleens and inguinal
lymph nodes were collected from PTPN22/l Cre and Cre” and CD1lc’ mice. Single-
cell suspensions were stained and analyzed by flow cytometry. Young, female mice had an
average age of 6.5 weeks. N > 5 per group. Student’s t-tests were used to test for significance
between the experimental and control groups in either spleen or LNs. Data are plotted as
the percentages of the CD45" population.

3.2.2 PTPN22 cKO in CD11c" cells improves anti-tumor immunity in

multiple tumor models

Despite no differences being observed in the baseline immune profiles of naive PTPN22
cKO mice, we went on to investigate their ability to control syngeneic tumors, given the
critical role of DCs in mounting an effective anti-tumor immune response [142, 143, 144,
145|. To achieve this, we first utilized a syngeneic, orthotopic cancer model: aged-matched
litter-mates were injected intradermally with 1 million B16.SIY cells in the lateral flank.

Indeed, PTPN22 CD11c-Cre cKO showed improved spontaneous tumor control compared to
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Figure 3.3: Immune-profiling of aged PTPN22 cKO mice. Spleens and inguinal
lymph nodes were collected from PT PN22f/fl Cre and Cre” and CD11c mice. Single-cell
suspensions were stained and analyzed by flow cytometry. Aged mice had an average age of

20 months.

wildtype, Cre-negative mice. These mice showed increased survival compared to controls and

had smaller tumors by weight at endpoint (Figure 3.4 A). Similar results were seen in both

the N1H7 and N2B5 founder clones of PTPN22/f x CD11c-Cret mice. The N1H7 clone

was selected for subsequent experiments. The murine colorectal cancer cell line expressing
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the model antigen SIY was as a confirmatory model, in this case, implanted subcutaneously.
PTPN22 cKO mice similarly displayed increased tumor control in the MC38.STY model as

well as improved survival and decreased overall tumor weight at endpoint (Figure 3.4 B).
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Figure 3.4: PTPN22 cKO mice display improved tumor control. pTPN22/fl Cret
and Cre” aged-matched litter-mates were tested for their ability to control syngeneic tumor
models. (A) Female mice were injected intradermally with 1 million B16.SIY and (B) male
and female mice were injected subcutaneously with 1 million MC38.STY cells and allowed
to grow until endpoint. For B16.SIY, both N1H7 and N2B5 clones of the PTPN22fl/f
x CD11c-Cre” mice were used with N > 15 per group). For MC38.SIY, only the N1H7
clone of the PTPN22/ x CD11c-Cre' mice were used with N > 12 per group). Pooled
data from independent experiments are plotted for B16.STY (N = 3) and MC38.SIY (N =2).

PTPN22/8 x Cre* mice are presented as red in B16.SIY experiments and blue in MC38.STY
experiments with PTPN22f/fl x Cre” controls always presented as gray.

Because PTPN22 is exclusively being deleted in the CD1lc™ immune compartment,
we hypothesized that improved tumor control must be mediated by the immune system.
B16.SIY tumors were collected and processed at endpoint in order to extract the immune
infiltrate for immune profiling by flow cytometry. PTPN22 cKO mice displayed an increase
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Figure 3.5: PTPN22 cKO mice have an increase of tumor-infiltrating DCs. Tu-
mors from PTPN228/ x Cre ™ and Cre” aged-matched litter-mates were isolated for immune-
profiling. DC subsets of (A) B16.SIY (N > 15) and (B) MC38.SIY (N > 12) tumors are
shown as the number per gram of tumor and the percentage of all CD45" cells. The gating
strategy is outlined in the Materials and Methods.

in the overall number of tumor-infiltrating CD45 " immune cells per gram of tumor.

A more detailed analysis of the DC compartment revealed an increased number per gram
of tumors of DCs. Subset analysis revealed an increase in conventional DC (cDC) subsets of
CD103" and CD11b" DCs (Figure 3.5 A). Plasmacytoid DCs (pDCs) were also increased
despite their lower levels of CD11c expression [146]. The lack of a significant increase in
CD103" DCs in this model could be attributed to the fact that DCs may be subject to
CD8" T cell-mediated cytotoxicity at late time points[147]. The immune profiles of tumor
infiltrates in the MC38.SIY model showed an overall similar pattern, including a significant
increase in the CD103" DCs compartment (Figure 3.5 B).

The changes in the DC compartment led us to investigate whether further qualitative
differences in these subsets were present. MHC II is used as a defining marker for myeloid
cells and DCs, but within the conventional DC (¢cDC) subsets, its level of expression can also

serve as an indication of maturity and activation [148, 149]. The mean fluorescence intensity
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(MFI) of MHC II was used to quantify maturity/activation in the ¢D103" and CD11b"
subsets. In the B16.SIY model, CD103" DCs but not CD11b" DCs display a significant
increase in the MFI of MHC II in PTPN22 ¢cKO animals (Figure 3.6 A). Accordingly, the
same pattern was observed in the MC38.SIY model where the MFI of MHC II was greater
in CD103" DCs of PTPN22 cKO mice (Figure 3.6 B).

DCs contribute to endogenous anti-tumor immunity by activating and maintaining T
cells, which are ultimately the major effector cells involved in anti-tumor immunity, and
prior work from our lab has established them as the main effector cells in the B16.STY
and MC38.5IY models. PTPN22 cKO mice had an increase in the total number of tumor-
infiltrating lymphocytes (TILs) per gram of tumor in comparison to control animals. In the
B16.SIY model, this increase was primarily driven by an expansion of CD8" T cells, with
no changes observed in the CD4" FOXP3" conventional T cells (Tcons) or CD4" FOXP3 ™"
regulatory T cells (Tregs) as shown in Figure 3.7 A. Similar results were observed in the
MC38.SIY model; however, in this model, all T cell subsets were significantly increased,
representative of the increased immunogenic nature of the MC38 model (Figure 3.7 B).
Together, these results highlight the positive impact of deleting PTPN22 in the CDllc

compartment on the anti-tumor response as a whole.

3.2.8  Tumor antigen-specific, intratumoral T cells are increased in PTPN22

cKO animals

T cells represent the main effector cell type in the B16.STY and MC38.SIY tumors.
Specifically, tumor antigen-specific CD8" T cells are responsible for the recognition and
killing of tumor cells. The use of cancer cell lines expressing the model antigen SIY allows
for the identification and characterization of endogenous tumor antigen-specific CD8" T
cells through the use of STY-KP pentamer staining. In accordance with the increased tumor

control observed in B16.SIY tumors, CD8" SIY " T cells were more numerous per gram
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Figure 3.6: Intratumoral DCs lacking PTPN22 result in more mature CD103T
DCs. Intratumoral DCs defined as CD11lct MHC IIT from PTPN22f/l x Cret and Cre
mice bearing B16.SIY (N > 15) and MC38.SIY (N > 12) tumors were sub-categorized as
CD103" CD11b~ and CD11b" CD103". The mean fluorescence intensity (MFI) of MHC II

Cre- Cre+

is shown for both subsets in (A) B16.SIY (red) and (B) MC38.SIY (blue) tumors.

of tumor. The increase in CD8" SIY ™ T cells seemed to be mediated by an increase in
proliferation as indicated by a higher percentage of CD8" SIY " Ki67 " T cells. These cells

also expressed a greater percentage of the activation markers CD44 and CD69 (Figure 3.8
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Figure 3.7: PTPN22 cKO mice have increased tumor-infiltrating T cells. Intra-
tumoral T cells defined as CD3 " NK1.1" from PTPN22f/fl x Cret and Cre™ mice bearing
(A) B16.SIY (N > 15) and (B) MC38.SIY (N > 12) tumors were sub-categorized as CD8"
CD4 and CD4" CD8 CD4 " CDS8™ T cells were further subtyped as FOXP3" (T regulatory
cells; Tregs) and FOXP3™ (T conventional cells; Tcons) .

A). CD8" SIY " T cells represent the cytotoxic anti-tumor arm of the immune system in this
context. CD8" T cells also secrete chemokines for the recruitment of Tregs, which provide
a counter-regulation to control ongoing immune response [150]. Therefore, we analyzed the
ratio of the number of CD8" SIY " T cells to Tregs per gram of tumor [151, 152, 153]. In
the B16.SI'Y model, the CD8" SIY " T cell/Treg ratio was increased in PTPN22 cKO mice,
indicative of a shift towards an anti-tumor TME (Figure 3.8 A far right). In the MC38.5TY
model, CD8" SIY "™ T cells were similarly increased in quantity and in the percentage of
proliferating Ki67" cells. The activation profile of these cells in the MC38.SIY model also
displayed an increased percentage of cells expressing the activation markers CD69 and PD-1.

In this model, the CD8" SIY " T cell/Treg ratio showed a positive trend (Figure 3.8 B).
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Figure 3.8: Tumor-infiltrating, tumor antigen-specific CD8 T T cells are more
numerous and activated in PTPN22 cKO mice. Intratumoral tumor antigen-specific
CD8™ T cells defined as SIY ™ from PTPN228/% x Cre* and Cre™ mice bearing (A) B16.SIY
(N > 15) and (B) MC38.SIY (N > 12) tumors were profiled for markers of proliferation and
activation. The CD8" SIY " / Treg ratio was defined by diving the number of CD8" SIY "
per gram of tumor by the number of Tregs per gram of tumor.

In addition to an increase in DCs and T cells, we also observed an increased number per
gram of tumors of NK cells, natural killer T cells (NKTs), tumor-associated macrophages,
and monocytes. Interestingly, neutrophils were the only immune compartment to not be
significantly different in either model. This pattern was also consistent in MC38.SI'Y tumors
(Figure 3.9) These data suggest that targeted DC modulation can have profound impacts
on the TME, resulting in increases within these cellular compartments [154, 155].

Lastly, the number of CD8" SIY "™ and CD103" DCs per gram of tumor were strongly
correlated with tumor mass, with PTPN22 ¢KO mice enriched for smaller tumors (Figure

3.10). These findings underscore the importance of these cells in anti-tumor immunity and

suggest that in PTPN22 ¢KO mice, the increased numbers and activation status of CD103™
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DCs drive increased CD8" SIY ™ T cell responses resulting in improved tumor control.
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Figure 3.9: PTPN22 cKO mice have an altered tumor-infiltrating immune pro-
file. Tumors from PTPN22/f x Cre' and Cre aged-matched litter-mates were isolated for
immune-profiling. Immune profile of (A) B16.SIY (N > 15) and (B) MC38.SIY (N > 12)
tumors are shown as the number per gram of tumor and the percentage of all CD45™" cells.
The gating strategy is outlined in the Materials and Methods.
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Figure 3.10: The number of CD8T SIY = T cells and CD1031 DCs drive de-
creased tumor mass in PTPN22 cKO mice. Intratumoral CD8" SIY " T cells and
CD103" DCs from PTPN22/fl x Cre™ and Cre™ mice bearing (A) B16.SIY (N > 15) and
(B) MC38.8IY (N > 12) tumors were analyzed by multivariable analysis, taking into ac-
count tumor weight in grams and Cre type. Spearman R Correlation values for CD8" SIY ™
T cells and CD103" DCs are shown along with their p-value.
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3.2.4  Improved tumor control in PTPN22 cKO animals is dependent on

CDS8" T cells

PTPN22 ¢KO mice displayed an improved anti-tumor immune response that included
increased antigen-specific CD8" T cells. To determine whether CD8" T cells were required
for this improved tumor control, we utilized anti-CD8/ depleting antibodies. The use of this
specific antibody is important as antibodies targeting CD8a would also result in the depletion
of lymphoid-resident CD8a" DCs. In both the B16.SIY and MC38.SIY models, depletion
of CD8" T cells resulted in complete loss of tumor control in PTPN22 cKO models, while
vehicle-treated animals display the same improved tumor control phenotype in PTPN22
cKO mice as previously shown (Figure 3.11). These results establish CD8" T cells as the
dominant effector cell types mediating improved tumor control when PTPN22 is specifically

deleted from DCs.
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CD8™T T cells. Anti-CDS83 (aCDS8J3) antibody was used to deplete CD8" T cells. Tumor-

bearing mice were injected with either 200ng of aCD83 or PBS (100uL) intraperitoneally

one day prior to tumor inoculation and once a week until the end of each experiment. (A)
Tumor-bearing mice were bled retro-orbitally to confirm depletion of CD8 T cells via flow
cytometry. PTPN228/fl x Cret and Cre™ mice bearing (A) B16.SIY and (B) MC38.SIY
tumors undergoing CD8" T cell depletion (solid lines with filled-in circles) or control PBS
treatment (dashed lines with open triangles).
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3.3 Summary of findings

The data in Chapter 3 characterize a novel mouse model for the conditional deletion of
PTPN22 in CD11c™ cells. Unlike PTPN22 KO mice, this conditional model of deletion only
in DCs did not lead to splenomegaly with age, nor accumulation of effector CD8" T cells.
Thus, autoimmunity does not seem to be triggered. Nonetheless, conditional deletion of
PTPN22 in the CD11lc" compartment improved anti-tumor immunity in multiple syngeneic
mouse models of cancer. Immune profiling revealed increased numbers of T cells and DCs per
gram of tumor, which included tumor antigen-specific CD8" T cells. Improved tumor control
was dependent on the presence of CD8" T cells, as their depletion completely abrogated
the observed phenotype. Intratumoral DCs in PTPN22 cKO animals also had increased
expression of maturation activation and markers. These results led us to investigate more
deeply the biological effects of PTPN22 deletion in CD103" DCs and the downstream effects

on CD8" T cell priming.
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CHAPTER 4
PTPN22 IS A NEGATIVE REGULATOR OF DENDRITIC CELL
ACTIVATION AND IMPACTS THE CD103" DC - CD8" T-CELL
AXIS

4.1 Introduction

The conditional deletion of PTPN22 in the CD11c™ compartment drove improved CD8 "
T cell-dependent anti-tumor immunity. This apparently improved DC-T cell crosstalk led
us to investigate more deeply the biological processes within DCs that are augmented upon
PTPN22 deletion. CD103" dendritic cells (DCs) within the TME are responsible for taking
up tumor-derived material and presenting it to antigen-specific CD8" T cells in the tumor-
draining lymph nodes (tdLNs), driving their expansion and activation. It is these activated,
antigen-specific CD8 " T cells that enter the circulation and home to tumor sites, where they
have the opportunity to perform their effector function and kill tumor cells. The use of the
B16 and MC38 models expressing the model antigen SIY allows for the tracking of these
endogenous CD8" T cells. Inasmuch as PTPN22 was conditionally and specifically deleted
in the CD11c™ DC compartment, we hypothesized that critical biological processes in DCs

important for T cell activation might have been potentiated.

4.2 Results

4.2.1 PTPN22 deletion in the CD11c" compartment results in improved

priming of CD8" T cells

We began by probing the tdLNs of day 7 tumor-bearing mice during the priming phase

of the anti-tumor T cell response [156, 157, 158|. At this early stage, during the priming
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Figure 4.1: Expansion of CD103" DCs drives an increase in DCs in the tdLNs
of PTPN22 cKO mice during the priming phase. PTPN22f/l x Cre' and Cre
aged-matched litter-mates were injected intradermally with 1 million B16.SIY cells. Spleens
and tumor-draining lymph nodes (tdLNs) were harvested on day 7. DCs in the tdLN were
quantified as the total number per tdLN and subtyped as previously done (N > 9 per group).
Pooled data are plotted from independent experiments (N = 2).

phase, tumors are not yet appreciable, but the endogenous anti-tumor response has already
begun. This phase is primarily characterized by the migration of mature, tumor antigen-
loaded DCs to the tdLNs, where they cross-prime (activate) antigen-specific CD8" T cells.
Successful cross-priming can be assessed by the presence and expansion of activated, tumor
antigen-specific CD8" in the tdLNs as well as in circulation, such as in the spleen. Moreover,
in order for this to take place DCs in the tdLNs must have a mature/activated phenotype
characterized by the expression of MHC II and the co-stimulatory receptors CD80 and CDS86.
When mounting an immune response, our laboratory has found that DCs also proliferate in
response to stimuli in order to amplify the elicited immune response. Because the subcuta-
neous and dermal tissues differ in their make-up of immune resident cells and their lymphatic
drainage, cross-priming experiments were performed using intradermally injected B16.SIY
cells [159, 160, 161, 162, 163].

We first set out to evaluate how deletion of PTPN22 in CD11c" DCs affected DCs in
the tdLN during an anti-tumor immune response. PTPN22 cKO resulted in an expansion of
DCs in the tdLNS. This expansion was primarily due to the expansion of CD103" DCs and

not CD11b " DCs or CD8a " DCs (Figure 4.1). We then characterized the activation profile
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Figure 4.2: CD103"T DCs from PTPN22 cKO mice have an activated phenotype
in the tdLNs tumor-bearing mice in the priming phase. DCs in the tdLNs from day
7 tumor-bearing mice were subtyped and profiled for the expression of activation markers
(N > 9 per group). Data are shown as the percentage of total CD45 " cells. Pooled data are
plotted from independent experiments (N = 2).

of these DCs by examining the percentage of cells positive for the co-stimulatory molecules
CD80 and CD86, which are critical for CD8" T cell activation and maintenance, as well
as the proliferation marker Ki67. Accordingly, the expansion of the migratory CD103" was
also accompanied by an increase in the percentage of CD80 and CD86 positive cells as well
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as Ki67. On the other hand, neither CD11b" DCs nor CD8a " DCs displayed any changes
in their activation profiles or proliferation status (Figure 4.2). The overall increase in the
number and activation profile of CD103" DCs in the tdLN is consistent with the improved

anti-tumor immune response observed in these mice.
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Figure 4.3: Tumor infiltrating, antigen-specific CD8 T T cells from PTPN22 cKO
are more numerous and active in the tdLNs during the priming phase. CD8"
sIY" T cells in the tdLN were profiled for markers of activation and proliferation (N > 9 per
group). Data are shown as the total number per tdLN and the percentage of total CD45 "
cells. Pooled data are plotted from independent experiments (N = 2).

To assess whether this increased number and activation status of CD103" DCs would
translate into increased T cell priming, antigen-specific CD8" T cells were quantified and
characterized in the tdLNs of day 7 tumor-bearing mice through the use of SIY-pentamer
staining. In PTPN22 cKO, we observed an increase in both the number and percentage
of CD8" SIY " T cells, suggesting their preferential expansion in these mice. Moreover,
profiling of their activation profile similarly displayed an increased quantity and percentage
of cells expressing the activation markers CD44, CD69, and PD-1. Lastly, this expansion of
activated CD8" SIY "™ T cells was marked by the increased expression of the proliferation

marker Ki67 (Figure 4.3).
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As a supplemental tool to probe the priming of CD8" SIY "™ T cells, we utilized the
interferon-gamma (IFN-v) ELISPOT Assay. By harvesting splenocytes from day 7 tumor-
bearing mice, CD8" SIY ™ T cells that have been primed in the tdLNs and entered circulation
can be assessed. We found that splenocytes from PTPN22 cKO mice generated more IFN-~
spots as compared to control animals when exposed to the antigenic peptide SIY and not
with a control peptide (Figure 4.4 A and B left panel). We also used the conditioned
media from these cultures to test for levels of IL-2 by ELISA. Similarly, splenocytes from
PTPN22 ¢cKO mice produced more IL-2 in response to SIY peptide (Figure 4.4 B right
panel). These results suggest that the increased number and activation status of CD103™"

DCs led to a greater activation and expansion of CD8" SIY " T cells.
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Figure 4.4: PTPN22 cKO mice have superior priming of CD8T SIY'T T cells.
Spleens harvested on day 7 of tumor-bearing PTPN22f/fl ¥ Cret and Cre aged-matched
litter-mates were used for an IFNvy ELISPOT to assess priming. (A) The number of IFN~y
spots produced by splenocytes cultured overnight with either cognate SIY peptide or an
irrelevant OVA (SIINFEKL) peptide from a single experiment (N > 6 per group. (B) Pulled
data from two independent experiments plotted together showing the number of IFN~ spots
and amount of IL-2 via ELISA from conditioned media (N > 16 per group).
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4.2.2  Bulk RNAseq analysis of intratumoral CD11c” cells reveals differences
in stgnaling

In order to gain deeper insights into the improved activation properties of DCs upon
PTPN22 deletion, RNAseq was performed. Specifically, bulk RNAseq of intratumoral CD11c ™"
cells was chosen in order to gain more sequencing depth into this rare cellular compartment.
In order to achieve this, mice were injected with 1.5 million B16.SIY cells and tumors were
harvested at day 20, and CD11lc™ were enriched by MACS and then further purified by
flow cytometric sorting. Purified intratumoral CD11c " cells were resuspended in Trizol and
stored at -80°C. This was repeated 4 times four times in order to collect sufficient cells for
RNAseq (Figure 4.5). Day 20 was chosen as the difference in tumor growth becomes appre-
ciable at this point, signifying a biological point of differentiation underlying the observed
phenotype. Sequencing was carried out at the University of Chicago Genomics Core. Despite
the strong functional phenotype, transcriptional differences were modest between wildtype
and PTPN22 cKO DCs (Figure 4.6).

Gene set enrichment analysis (GSEA) was used to further probe the data. GSEA takes
into account the comparison in the distribution of ranked gene expression differences, pro-
viding insight into signaling and biological pathways. This type of analysis is especially
useful in this case as it allows us to take into consideration the overall changes in gene ex-
pression profiles as opposed to single genes. The analysis focused on biologically relevant
gene signatures given the vast and broad catalog of GSEA signatures available to identify
meaningful pathways while painting statistical power. Figure 4.7 shows these results, and
Table 4.1 details the normalized enrichment scores (NES) and adjusted p-values for each

signaling pathway.
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Figure 4.5: Schematic of the experimental layout for bulk RNAseq of intratu-
moral CD11ct DCs. Female PTPN22f/fl x Cre™ and Cre aged-matched litter-mates
were injected with 1.5 million B16.SIY cells and harvested on day 20. CD1lc™ DCs were
enriched from tumors via MACS and further purified by flow cytometry sorting based on
viability stain, CD45" CD3™ and CD11c™ MHC II". The experimental layout was repeated
4 times to obtain a sufficient amount of cells for sequencing (N > 20 mice per group, resulting
in 6 Cre” and 8 Cre” samples for sequencing).

Gene Signature Name PAdj NES
GOMF-CHEMOKINE-ACTIVITY 4.16E-05  1-2.2203820077A2

GOBP-LYMPHOCYTE-CHEMOTAXIS 4.16E-05 -2.119682011
GOMF-CCR-CHEMOKINE-RECEPTOR-BINDING 0.000210684 -2.061956638
GOMF-DNA-BINDING-TRANSCRIPTION-REPRESSOR-ACTIVITY 4.16E-05 1.811112123
GOMF-PROTEIN-PHOSPHATASE-BINDING 0.000402824 1.679608323
GOBP-TRANSMEMBRANE-RECEPTOR-PROTEIN-TYROSINE-KINASE-SIGNALING-PATHWAY  0.000245218 1.537811834
GOBP-GENERATION-OF-PRECURSOR-METABOLITES-AND-ENERGY 0.000245218 -1.525724525
GOBP-NEGATIVE-REGULATION-OF-CELL-DIFFERENTIATION 0.000245218 1.508918511
GOBP-NEGATIVE-REGULATION-OF-CELL-POPULATION-PROLIFERATION 0.009504337 1.301325522
GOBP-ENDOCYTOSIS 0.043287671 1.24571892

Table 4.1: Individual values from GSEA analysis.
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Figure 4.6: Heatmap of differentially expressed genes from RNAseq of intratu-
moral CD11cT DCs. Following analysis and normalization of gene expression, the top
differentially expressed genes were plotted to compare changes in gene expression between
WT and PTPN22 cKO CD11lc™ DCs. Relative gene expression is represented by the color
gradient where a positive number signifies higher relative expression and a negative number
represents decreased relative expression. Data were generated in R.
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Figure 4.7: Gene signature enrichment analysis from RNAseq. Gene enrichment
analysis (GSEA) of biologically relevant pathways was compared between WT and EXP
(PTPN22 cKO) samples. The normalized enrichment score (NES) on the x-axis represents
the relative enrichment between WT compared to EXP, where positive values represent an
enrichment in WT and negative values represent an enrichment in EXP. The color gradient
represents the log of the adjusted p-values.
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These pathways primarily suggest a more activated phenotype in PTPN22 ¢cKO and an
increased regulatory program in wild-type DCs. For example, PTPN22 cKO DCs are en-
riched for pathways involved in chemokine activity and induction of lymphocyte chemotaxis.
This suggests that PTPN22 ¢cKO DCs may be more capable of recruiting other cells (such as
CD8™ T cells) for cognate interactions. In contrast, WT DCs were enriched for negative reg-
ulatory pathways, such as negative regulators of proliferation and differentiation. WT DCs
were also enriched for genes related to endocytosis, a process by which DCs take up and
sample antigens in their environment. Endocytic activity is decreased upon DC maturation,
and high endocytic potential is associated with DC immaturity [164, 165, 166]. Together,
these data suggest that PTPN22 KO DCs are shifted to a more mature state geared towards
T cell activation. These results align with the higher levels of MHC II and co-stimulatory
markers CD80 and CD86 observed.
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4.2.8  Intratumoral dendritic cell accumulation is driven by the preferential

expansion of tumor antigen-loaded cells

A greater number of activated DCs in PTPN22 ¢cKO mice suggested the possibility that
there was greater functionality of those cells from the perspective of antigen uptake and/or
processing and presentation in the context of class I MHC molecules. To begin to address
this question, we took advantage of the B16.SIY model, as these cells stably express dsRed
linked to the SIY antigen. The linked expression of dsRed to this model antigen allows us
to identify which DCs in the tumor are taking up tumor-derived material within the TME
by dsRed fluorescence. A schematic highlighting this detection is shown in Figure 4.8. We
further employed the use of the proliferation marker Ki67 along with the apoptosis marker
activated-Caspase3 (aCasp3). The use of these markers along with dsRed thus allows for
the identification of antigen-loaded DCs while simultaneously assaying their proliferation and

apoptosis in order to gain further insights into the maintenance of this cellular compartment.
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Figure 4.8: Schematic representing DCs loaded with tumor-derived material
and their identification via flow cytometry. Female PTPN22f/fl x Cret and Cre
aged-matched litter-mates were injected with 1 million B16.SIY cells and harvested on day
20. Three independent experiments were performed (N > 20 per group).

For this, mice were injected with B16.SIY cells and tumors were harvested on day 20.
This time point was chosen to represent the effector phase prior to endpoint. At this time
point, intratumoral DCs were more numerous per gram of tumor and represented a greater

78



percentage of all tumor-infiltrating immune cells. This was particularly due to an increase in
CD103" DCs that were more numerous per gram of tumor and trended towards increasing
in percentage as well. No trends or significant changes were observed in the CD11b™ DC
compartment (Figure 4.9). The activation profile of DCs was again determined by the
expression of the co-stimulatory markers CD80 and CD86. Similar to prior experiments,
there was an increase in the number and percentage of CD103" CD80" DCs and CD103™
CD86" DCs in PTPN22 cKO animals. CD11b™ DCs showed similar trends, but only the
percentage of CD11b™ CD86™ DCs was significantly increased in PTPN22 ¢KO mice. Lastly,
we checked the MFT of these markers to determine if there was greater expression per cell.
However, the MFT of these co-stimulatory markers was the same across both DC types in
WT and PTPN22 ¢cKO mice (Figure 4.10). Differences in the number and percentage of
DCs and active DCs, but not the amount of activation markers per cell, suggested potential
differences in the dynamics of these populations.

Because of this, we then examined markers of proliferation and apoptosis to gain further
insights into the dynamics of these cellular subsets. CD103" DCs were increased in the
number and percentage of cells expressing Ki67. However, there were no changes in Ki67
expression in CD11b " DCs. There were also no changes in the number or percentage of cells
expressing aCasp3, suggesting similar rates of apoptosis in WT and PTPN22 ¢KO mice. The
ratio of the number of cells positive for Ki67 over the number of cells positive for aCasp3
was used to interrogate the overall dynamics. Thus, deletion of PTPN22 appears to support
greater proliferation of CD103" DCs within the TME (Figure 4.11).

To assess the capacity for uptake of tumor-derived material, we used the acquisition
of dsRed. In fact, the number and percentage of CD103" DCs positive for dsRed were
increased in PTPN22 ¢cKO mice. The MFI of dsRed was used to quantify how much tumor-
derived material was present per cell. Interestingly, WT and PTPN22 ¢KO DCs had similar

amounts of dsRed (Figure 4.12). We further checked the levels of CD80 and CD86 to
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Figure 4.9: Intratumoral DCs were increased in PTPN22 cKO mice in the effec-
tor phase. Intratumoral DCs from day 20 tumor-bearing mice were quantified by number
per gram of tumor and as the percentage of total CD45" cells. Pooled data from three
independent experiments are plotted (N > 20 per group).

profile the activation of dsRed ™ DCs. In this case, there was a strong increase in the number
and percentage of CD103" dsRed”™ CD80" DCs and CD103" dsRed™ CD86" DCs. The
number and percentage of CD11b" dsRed ™ CD86" DCs was also increased in PTPN22 cKO
mice, though to a lesser extent than in CD103" dsRed "™ DCs, and the percentage of CD11b ™"
dsRed™ CD80" DCs did not reach significance. Lastly, as in all CD103" and CD11b™ DCs,
the MFI of CD80 and CD86 were not any different in the CD103" dsRed" and CD11b™"
dsRed™ DCs of PTPN22 cKO mice (Figure 4.13). These data indicate that there is an
increase in the number of activated, antigen-loaded DCs, especially of the CD103™ subset,
in PTPN22 ¢cKO mice. However, the amount of uptake of tumor-derived material per DC

was comparable.
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Figure 4.10: More activated CD103" DCs are present in the tumors of PTPN22
cKO mice in the effector phase. Intratumoral DCs from day 20 tumor-bearing mice were
subtyped and profiled for activation markers. The number, percentage, and MFI of CD80
and CD86 in (A) CD103" DCs and (B) CD11b" DCs. Pooled data from two independent
experiments are plotted (N > 14 per group).

To test whether changes in population dynamics again drove this increase in number and
percentage, we checked for the expression of Ki67 and aCasp3 in dsRed™ DCs. Similar to
what we observed in the general CD103" and CD11b" DC subsets, CD103" dsRed ", but
not CD11b" dsRed ", DCs had a preferential expansion as measured by the ratio of cells
positive for Ki67 to those positive for aCasp3 (Figure 4.14). To address whether there was
a relationship between the acquisition of tumor-derived material and activation status, we
checked the correlation of the co-stimulatory markers CD80 and CD86 with the acquisition

of dsRed. Linear regressions of these correlations showed that the relationship between
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Figure 4.11: CD103" but not CD11b" DCs show a preference towards prolifer-

ation and expansion. Intratumoral DCs from day 20 tumor-bearing mice were subtyped

and profiled for activation markers. The number and percentage of (A) Ki67 and (B)
activated-Caspase 3 (aCasp3) in CD103" DCs and CD11b" DCs. (C) The ratio of the
number of Ki67" cells per gram of tumor divided by the number of aCasp3™ cells per gram

of tumor in CD103" and CD11b" DCs. Pooled data from three independent experiments
are plotted (N > 20 per group).

dsRed acquisition and co-expression of CD80" CD86" was stronger in CD103" DCs than

in CD11b" DCs, though both correlations were significant (Figure 4.15). This confirms

that the amount of tumor-derived material acquired by DCs correlates with their expression

of the co-stimulatory markers.
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Figure 4.12: PTPN22 cKO mice have more intratumoral, antigen-loaded DCs.
Intratumoral DCs were subtyped and assayed for the presence of tumor-derived material
(dsRed). Data are shown as the number per gram of tumor, percentage of CD45 " cells, and
MFI. Pooled data from three independent experiments are plotted (N > 20 per group).
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PTPN22 cKO mice have an increase of activated, antigen-loaded

CD103" DCs. The number, percentage, and MFI of CD80 and CD86 in (A) CD103"
dsRed ™ DCs and (B) CD11b " dsRed ™ DCs. Pooled data from two independent experiments
are plotted (N > 14 per group).
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Figure 4.14: Antigen-loaded CD103T DCs, but not antigen-loaded CD11b* DCs,
show a preference for proliferation and expansion in PTPN22 cKO mice. The
number and percentage of (A) Ki67 and (B) activated-Caspase 3 (aCasp3) in CD103"
dsRed” DCs and CD11b " dsRed" DCs. (C) The ratio of the number of Ki67" cells per
gram of tumor divided by the number of aCasp3™ cells per gram of tumor in CD103" dsRed ™
and CD11b " dsRed " DCs. Pooled data from three independent experiments are plotted (N

> 20 per group).
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4.2.4 CDI11c” cells lacking the PTPN22 process and present more antigen in

vitro

Although the amount of uptake of tumor-derived material was comparable in wildtype
and PTPN22-deleted DCs on a per-cell basis, it was important to additionally address the
level of processing and presentation of peptide antigen presented by class I MHC molecules.
For these experiments, we took advantage of the model antigen OVA, which has tools avail-
able to probe its acquisition, processing, and presentation on MHC I. We first utilized OVA
conjugated to the fluorophore AF647 to measure the general uptake of antigen in CD11c "
isolated from the spleens of naive mice. WT and PTPN22 ¢cKO DCs showed similar levels

of OVA-AF647 uptake across a range of concentrations (Figure 4.16).
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Figure 4.16: CD11lct cells from WT and PTPN22 cKO mice take up equal
amounts of antigen in vitro. Spleens from PTPN228/fl x Cret and Cre aged-matched
litter-mates were harvested and purified by MACS. Enriched CD11c™ were incubated with
increasing amounts of OVA-AF647 for 2 hours. Uptake of the substrate was measured by
the normalized MFI. The area under the curve (AUC) was also calculated and compared for
each dose-response. Each dose was run in triplicate, and the experiment was repeated twice
in male and female mice.

Next, we examined the DQ-OVA substrate that is hydrolyzed under acidic conditions

86



only found in the lysosome; upon hydrolysis, this substrate fluoresces, allowing for the quan-
tification of antigen processing of a given cell. Incubation of CD11c™ DCs with DQ-OVA
showed an increase in the MFT of signal across a range of concentrations in PTPN22 ¢cKO
DCs as well as the overall area under the curve (AUC) (Figure 4.17). This prompted us to
ask whether there was a difference in antigen processing in both major subtypes of CD11c "
DCs. Both the CD103" and CD11b" DCs of PTPN22 cKO mice displayed greater antigen
processing per cell assessed by the MFT of hydrolyzed DQ-OVA (Figure 4.18). These re-
sults suggest that CD11c™ from PTPN22 c¢KO mice took up equal amounts of antigen in

comparison to WT CD11c™ DCs, but processed antigens to a greater extent.

CD11c* DCs Antigen Processing (DQ-OVA) CD11c+ DCs DQ-OVA AUC
100,000 400,000 —
& Cre- )
[ Cre+ _— kakkk
80,000
Fekkok x
sokkok ’_‘ g 300,000 —
60,000+ sokokok $
E Fekkk ’_‘ ’—‘ 2
40,000 . o ‘
— |—| ’—% ‘ 200,000 — []
20,000 i ok $ ’ ‘
N
0 T L ‘l T L] T T T L T T L 1001000 l
PR
Q'.‘-’\‘b Qg;ﬁ’ RIS\ S T RS

Figure 4.17: CD11lct DCs from PTPN22 cKO mice process more antigen in
vitro. Spleens from PTPN 22/ x Cre* and Cre aged-matched litter-mates were harvested
and purified by MACS. Enriched CD11c" were incubated with increasing amounts of DQ-
OVA for 2 hours. Antigen processing was measured by the normalized MFI produced upon
hydrolyzation of the DQ-OVA substrate under acidic conditions (lysosome). The area under
the curve (AUC) was also calculated and compared for each dose-response. Each dose was
run in triplicate, and the experiment was repeated four times in both male and female mice.

To measure the amount of processed antigenic peptide presented by class I MHC, we
utilized a monoclonal antibody (mAb) specific for OVA peptide 257-264 bound to H2-KP.

Following the incubation with DQ-OVA, DCs were stained with OVA-H2kP. In this case,
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Figure 4.18: Both CD103" and CD11b"T DCs from PTPN22 cKO mice pro-
cess more antigen in vitro. Spleens from PTPN22f/fl ¥ Cret and Cre aged-matched
litter-mates were harvested and purified by MACS. Enriched CD11c™ were incubated with
increasing amounts of DQ-OVA for 2 hours. Antigen processing was measured by the normal-
ized MFI produced upon hydrolyzation of the DQ-OVA substrate under acidic conditions
(lysosome). The area under the curve (AUC) was also calculated and compared for each
dose-response. CD11c™ DCs were subtyped by (A) CD103" and (B) CD11b" for analysis.
Each dose was run in triplicate, and the experiment was repeated four times in both male

and female mice.

the percentage of cells positive for OVA-H2kP was only increased in CD103" DCs but not in

CD11b " DCs (Figure 4.19). These results are in accordance with the notion that CD103™
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are specialized in presenting antigen on MHC I while CD11b " primarily present antigen on
MHC II. We further confirmed this by comparing the amount of OVA-H2kP positive cells in
CD103" and CD11b " DCs. This comparison clearly showed the increase in the percentage of
OVA-H2kP positive CD103 " cells, but not CD11b ™" cells (Figure 4.20 A) Lastly, we tested
the correlation between DQ-OVA MFI and OVA-H2kP positive CD103™ cells (Figure 4.20
B). This positive correlation confirmed the linear relationship of CD103 " where the antigen
is processed and then presented on MHC 1.

Taken together, these results indicate that PTPN22 ¢KO CD103" DCs take up equal
amounts of antigen as WT CD103" DCs but are superior at processing antigen, leading to

an increased percentage of cells expressing mature peptide-MHC complexes on the surface.
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Figure 4.19: CD103" but not CD11b™ DCs from PTPN22 cKO mice present
more antigen on MHC 1. Spleens from PTPN22f/fl x Cre® and Cre aged-matched
litter-mates were harvested and purified by MACS. Enriched CD11c" were incubated with
increasing amounts of DQ-OVA for 2 hours. Antigen presentation was measured by the
percentage of cells positive for OVA-H2Kb staining. The area under the curve (AUC) was
also calculated and compared for each dose-response. CD11lc” DCs were subtyped by (A)
CD103" and (B) CD11b" for analysis. Each dose was run in triplicate, and the experiment
was repeated four times in both male and female mice.
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Figure 4.20: Only CD103" DCs present antigen on MHC I in response to antigen
pulsing. Spleens from PTPN22f/fl x Cret and Cre aged-matched litter-mates were har-
vested and purified by MACS. Enriched CD11c" were incubated with increasing amounts of
DQ-OVA for 2 hours. Antigen presentation was measured by the percentage of cells positive
for OVA-H2Kb staining. The area under the curve (AUC) was also calculated and com-
pared for each dose response. (A) CD103" and CD11b" were compared for their ability to
present antigen on MHC I in response to increasing amounts of OVA peptide. (B) Antigen
processing correlates positively with H2Kb-OVA presentation in CD103" DCs. Each dose
was run in triplicate, and the experiment was repeated four times in both male and female

mice.
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4.2.5 PTPN22 is a negative requlator of Flt3L mediated DC' proliferation

Experiments utilizing OVA substrates in vitro shed light on the potential regulation of
PTPN22 on antigen processing in DCs. However, altered antigen encounter does not explain
why intratumoral PTPN22 cKO DCs were preferentially expanding. We thus investigated
potential growth factors that might be mediating DC proliferation. Flt3-ligand (FI1t3L) is a
critical growth factor for DC development and drives DC proliferation in vivo [167, 168]. This
led us to ask if perhaps loss of PTPN22 might increase sensitivity to FLT3L in the TME. We
first used single-cell RNAseq (scRNAseq) data from MC38.SIY tumors from our laboratory
to probe whether Flt3 and Flt3L are expressed by cells within the TME. Interestingly, the
CD103" DC cluster had the highest expression of Flt3, with pDCs also expressing FIt3 at
high levels. Moreover, CD8" T cells were amongst the cells with the highest expression of
FLT3L (Figure 4.21 A and B). This is in keeping with recent work from our laboratory
showing that CD8" T cells and Batf3-lineage DCs preferentially cluster in the TME. In order
to test whether PTPN22 deficiency could impact DC proliferation in response to Flt3L, we
isolated splenic and lymph node-derived DCs from Cre™ and Cre” mice and stimulated them
with soluble FIt3L in vitro. Indeed, PTPN22 ¢cKO DCs showed augmented proliferation as
measured by intracellular Ki67 staining when treated with 100ng/mL of soluble FIt3L in
vitro m(Figure 4.21 C). These experiments suggest that augmented F1t3 signaling is likely
contributing to the greater expansion of PTPN22 ¢cKO DCs in the TME. Moreover, these
experiments also suggest that PTPN22 negatively regulates multiple biological processes in

DCs.
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Figure 4.21: CD11lcT DCs have increased sensitivity to FLT3L stimulation in
vitro. scRNAseq data were used to test for the expression FLT3 and FLT3L in MC38.STY
tumors. A UMAP of cell clusters and B expression of FLT3 and FLT3L. C Spleens and
lymph nodes (inguinal and axillary) from PTPN22f/fl  Cret and Cre aged-matched litter-
mates were harvested and purified by MACS. Enriched CD11c™ cells were incubated with
soluble FIt3L for 48 hours. Response to FIt3L was measured by the percentage of cells
positive for Ki67. Each dose was run in triplicate. Data are representative of two independent

experiments in male and female mice.
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4.2.6  Deletion of PTPN22 in the CD11c" compartment improves

anti-PD-L1-based therapy

Given the increased activation properties of DCs in PTPN22 cKO mice, as well as the
increased number of antigen-specific CD8" T cells, it was of interest to investigate whether
anti-PD-L1 checkpoint blockade therapy might be more effective. Blockade of the PD-
L1/PD-1 axis has been shown largely to drive re-invigoration of activated T cells already
in the TME [169, 170]. Further, DCs have been shown to be important for the efficacy of
checkpoint blockade [154, 171|. We first tested aPD-L1 treatment on mice bearing B16.SI'Y
tumors. In this model PBS treated PTPN22 ¢cKO animals displayed improved tumor control
in comparison to PBS treated WT animals. Anti-PD-L1 therapy was already quite efficacious
in WT mice, and the PTPN22 cKO context only generated modestly improved tumor control.
However, the survival of PTPN22 cKO mice was significantly improved with the combination
approach (Figure 4.22 A). We also tested this intervention in the MC38.SIY model, yet
this more immunogenic tumor showed maximal benefit with anti-PD-L1 alone (Figure 4.22
B).

Realizing that we needed to test potential synergy in a less immunogenic system, MC38
parental tumors lacking the expression of model antigens were used. In this model, the
anti-PD-L1 therapy was more efficacious in PTPN22 ¢KO animals, which translated into
improved overall survival of the mice. (Fig 4.23) Thus, in a less immunogenic tumor model,
PTPN22 cKO deletion was synergistic with aPD-L1 treatment, resulting in complete control

of these tumors.
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Figure 4.22: PTPN22 cKO mice are responsive to aPD-L1 therapy. pTPN22f/
x Cre" and Cre” aged-matched litter-mates were injected with (A) B16.SIY (N > 8 per
group) and (B) MC38.SIY (N > 9 per group) tumors and treated with 100ng of anti-PD-L1
or PBS intraperitoneally. Tumor growth and survival were evaluated for both; open circles
and dashed lines represent PBS treated animals, respectively. Experiments were repeated at
least twice, using female mice for B16.SIY and male mice for MC38.SIY.

95



MC38 Parental Tumor Growth MC38 Parental Survival
2000 -

PN -0~ Cre- PBS =100 -
E 1500 {-0- Cre+PBS |* g |
Y o= Cre- aPDL1I| sk a |
S 1000 { == Cre+ aPDL1 S —— Cre-PBS |ns
s £ 50— cre+pPBS| |
15 n i
g 500 - *okok S —=- Cre- aPDL1 - |
[]
P o 71—~ Cre+aPDL1
0 T v T . . ¥ . 0 . T r :
0 ti0t t t20 30 40 0 t10t 1 120
Days Days

Figure 4.23: aPD-L1 treatment synergizes with PTPN22 cKO in the absence of
a model antigen. PTPN22/8 x Cret and Cre- aged-matched litter-mates were injected
with MC38 (N > 10 per group) tumors and treated with 100ng of anti-PD-L1 or PBS
intraperitoneally. Tumor growth and survival were evaluated; open circles and dashed lines
represent PBS treated animals, respectively. Experiments were repeated at least twice using
male mice.
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4.3 Summary of findings

The experiments described in Chapter 4 were aimed at understanding the mechanisms
and biological processes altered by the conditional deletion of PTPN22 in the CD11c" com-
partment. We found that priming of tumor antigen-specific CD8" T cells was improved
in PTPN22 ¢cKO mice. Further, bulk RNAseq of intratumoral DCs transcriptional changes
suggested improved activation, maturation, and proliferation of DCs in this context. In vivo,
PTPN22 cKO mice had increased numbers of tumor antigen-loaded DCs, which were also
more activated and proliferative, driving the expansion of these populations. In vitro, assays
of antigen uptake and presentation indicated that, while PTPN22 ¢cKO DCs showed com-
parable levels of antigen uptake, they showed superior antigen processing and presentation,
yielding a greater number of peptide antigen-MHC I complexes on the cell surface. Lastly,
mice bearing MC38 parental tumors revealed a synergistic relationship between PTPN22
cKO and aPD-L1 therapy. Overall, these data underscore the potential of therapeutically
targeting PTPN22, especially in the context of dendritic cells, for cancer treatment (Fig
4.24).

97



PTPN22 WT PTPN22 CD11c-cKO

Effector CD8* T cDC1 maturation

cell recruitment

CD8' T cell cross-
N priming

Figure 4.24: Model for PTPN22 regulation of dendritic cells in the context
of anti-tumor immunity. The left side represents a wildtype setting where PTPN22
negatively regulates antigen processing and proliferation in response to FLT3L, limiting the
endogenous anti-tumor immune response. The right panel represents a context in which
DCs lack PTPN22 and are able to elicit a better immune response against the tumor. The
center panel focuses on the DC intrinsic roles of PTPN22 uncovered in this thesis, chiefly
regulation of antigen processing and FLT3/L signaling.
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CHAPTER 5
CHAPTER 5: DISCUSSION

5.1 Conclusions

5.1.1 Repurposing drivers of autoimmunity for cancer immunotherapy

The discovery and development of immune checkpoint blockade have revolutionized can-
cer care. This same knowledge has also been applied to autoimmunity, where instead of
blocking immune checkpoints, their engagement reduces immune activity [172, 173]. This
is not surprising as mice lacking PD-1 or CTLA-4 developed severe autoimmune-like symp-
toms [60, 52]. Similarly, single nucleotide polymorphisms (SNPs) in these genes are linked
to a variety of autoimmune diseases [174, 175, 176, 177|. Moreover, genome-wide association
studies (GWAS) have played a major role in identifying causative mutations in autoimmu-
nity. In this way, an inverse relationship between causative and therapeutic targets exists
in autoimmunity and cancer [107, 178|. Recent work from our laboratory performed by Dr.
Kyle Cron similarly found that the loss of PKCJ, a gene for which SNPs are associated with
autoimmunity, could also drive improved tumor control in mouse models. These observa-
tions emphasize the potential for loss of functions in SNPs associated with autoimmunity as
a source for novel immunotherapy targets.

A single SNP resulting in R620W in PTPN22 is the single greatest known genetic risk
factor for autoimmune disease outside of polymorphisms in the HLA locus. This mutation
results in a loss of function phenotype [141, 115, 179]. Moreover, PTPN22 is exclusively
expressed in hematopoietic cells that give rise to immune cells. These observations under-
score the immune regulatory nature of PTPN22. Work carried out in a universal PTPN22
KO (only KOd in immune cells, given its exclusive expression) led to the realization that
PTPN22 acts primarily as a negative regulator of receptor-mediated signaling, especially in

T and B cells. PTPN22 KO mice accordingly accumulate immune cells throughout their life
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span, resulting in splenomegaly primarily driven by an accumulation of effector CD8™ T cells
[118]. This discovery that PTPN22 de-phosphorylates residues involved in TCR signaling,
acting as a sensor for TCR signaling strength. Experiments carried out using antigens of
varying immunogenicity showed that loss of PTPN22 only increased the expansion of T cells
stimulated against low-affinity antigens, but was disposable for high-affinity antigen stimu-
lation [124, 125]. This role of PTPN22 as an activation rheostat is in alignment with its loss
of function phenotype, leading to an increase in the risk of developing autoimmunity, where
T cells are thought to become reactive to self-antigens in the absence of proper regulation.
In the context of cancer, improved tumor control of PTPN22 KO mice has been attributed
to its role in regulating T cells. However, experiments exploring the potential of PTPN22
deletion in T cell-based therapies have yielded less encouraging results [133, 134|. These
data, along with the improved tumor control observed in universal PTPN22 KO mice, point
to the potentially major role of PTPN22 regulation in other immune compartments. The
work summarized here characterized the role of PTPN22 deletion within the dendritic cell

compartment.

5.1.2  Conditional deletion of PTPN22 in CD11c" cells does not impact

immune homeostasis

The use of gene KO mice has proved crucial to the characterization of gene functions and
the evaluation of the resulting proteins as therapeutic targets. Despite these advantages,
results with whole KO mice can be confounding when the gene of interest is expressed in
multiple tissues or cell types, hindering mechanistic understanding of where gene products are
dominantly important. In the context of PTPN22, the generation of a global KO mouse led
to key realizations PTPN22 is a negative regulator of T cell responses and that PTPN22 KO
mice are endowed with improved tumor control [118, 135, 136, 137|. Nonetheless, PTPN22

KO T cells alone do not explain the phenotypes observed in global PTPN22 KO mice. To
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address this issue, we developed a novel PTPN22 conditional knockout (cKO) model in
order to allow for the specific deletion of PTPN22 in a cell lineage-specific manner. Data
from PTPN22 KO mice had shown dependence on T cells given the loss of tumor control
upon CD8" depletion. However, experiments with OT-I PTPN22 KO T cells implied that
while T cells are ultimately responsible for tumor control, they are not necessarily driving the
phenotype observed in these mice [133]. Myeloid cells are the most abundant cell type in solid
tumors and are critical mediators of the endogenous anti-tumor immune response. Our lab
has previously shown the importance of BATF3 DCs, a type of myeloid cell, in mouse tumor
models [180, 145]. DCs are also involved at every step of the anti-tumor immunity cycle,
leading us to probe the potential role of PTPN22 in DCs. We crossed our novel PTPN22f/f
mice to CD11c-Cre mice in order to generate mice with the constitutive deletion of PTPN22
exclusively in the CD11c™ DC compartment.

We first sought to confirm the conditional deletion of PTPN22 in the CD1lc" compart-
ment and characterize these mice at baseline. The availability of reliable and commercially
available PTPN22 antibodies is lacking. We utilized qPCR to test for the expression of
PTPN22 in order to verify its conditional deletion, showing a complete loss of expression
only in CD11c " splenocytes from CD11c-Cre” mice (Figure 3.1). Next, we tested whether
the deletion of PTPN22 in DCs affected immune homeostasis in naive mice. We utilized spec-
tral flow cytometry to perform thorough immune profiling of these mice at baseline. Unlike
the global PTPN22 KO, PTPN22 cKO mice did not display any changes across immune
compartments, including T cells and DCs (Figure 3.2). Furthermore, we aged PTPN22
cKO mice to 20 months to maximize potential age-associated differences. Aged PTPN22
cKO mice did not differ in spleen or body weight, and similarly to young mice, PTPN22
cKO mice aged to 20 months showed no differences in immune cell populations (Figure

3.3).
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5.1.3 Deletion of PTPN22 in the CD11c" compartment results in improved

anti-tumor immunity

We were interested to find that PTPN22 ¢KO mice in the CD11lc¢" compartment showed
augmented tumor control as compared to WT controls. Similar to global PTPN22 KO mice,
PTPN22 ¢KO mice controlled tumors more efficiently in multiple tumor models (Figure
3.4). Within the DC compartment, an increase in the maturation status and proliferation
of CD103" DCs was noted in PTPN22 cKO mice. While there were also more CD11b "
DCs, their activation status was not altered. Tumor-infiltrating T cells were also increased
in PTPN22 cKO tumors. Further characterization showed only an increase of CD8™ T cells
in the B16.SI'Y model, and an increase in all T cell subsets in MC38.SIY tumors, likely due
to their more immunogenic nature.

The use of tumor models expressing the model antigen SIY enabled us to probe endoge-
nous, tumor antigen-specific CD8 " cell responses through pentamer staining. This analysis
revealed an overall increase in the number and activation status of CD8TSIY " T cells in
the tumors of PTPN22 ¢KO mice, accompanied by an increase in the percentage of cells
expressing the proliferation marker Ki67. These results suggested that CD8" T cells might
ultimately be responsible for the increased tumor control observed in PTPN22 ¢KO mice.
We confirmed this dependency by depleting CD8™ T cells with an anti-CD83 mAb, which re-
sulted in complete loss of tumor control in both the B16.STY and MC38.STY models (Figure
3.11). The dependence on CD8" T cells for tumor controls in this model is in accordance
with previous work from our group and others and establishes that the improved tumor
control observed in PTPN22 cKO mice is ultimately dependent on CD8™ T cells.

Probing more deeply into the DC-T cell interface, we investigated DCs and T cells in the
tdLNs of day 7 tumor-bearing mice, a time point that represents the priming phase. Tumors
are not yet palpable during this early priming phase, but DCs will have acquired tumor-
derived material and traveled to the tdLNs where they can cross-present tumor-derived
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antigens to and activate tumor antigen-specific CD8" T cells represented by CD8SIY " T
cells in this model. PTPN22 c¢cKO mice had a greater number and percentage of DCs in
the tdLNs. This expansion was primarily driven by an increase in proliferating CD103"
DCs, without significant changes in CD11b" or CD8a" DCs. Only the CD103" DCs of
PTPN22 ¢cKO mice had an increase in the number and percentage of cells positive for the
co-stimulatory markers CD80 and CD86 (Figure 4.2). These results are consistent with
observations in the field that only migratory c¢DCls classified by expression of CD103"
possess tumor-derived material for priming of CD8" T cells in the tdLNs [181]. Thus,
improved CD103" DC numbers and activation state were likely responsible for improved
priming of CD8" T cells. As expected then, PTPN22 ¢KO mice had an increased number
and percentage of proliferating CDS8TSIY ™ T cells. IFNvy ELISpot was used to confirm an
increased number of functional SI'Y-reactive T cells. Together, these data, along with the rest
of the chapter, show that the conditional deletion of PTPN22 in CD11c™ cells is sufficient to
improve the endogenous anti-tumor immune CD8" T cell response beginning with improved

priming in the tdLNs.

5.1.4 Potential molecular mechanisms for PTPN22 requlating CD11c” cells

To begin understanding the underlying molecular mechanisms driving improved DC re-
sponses in PTPN22 ¢cKO mice, we employed bulk RNAseq of intratumoral CD11c™ DCs
(Figure 4.5). GSEA showed that PTPN22 ¢KO DCs were enriched for pathways sugges-
tive of activation and maturation, while WT DCs were increased for regulatory pathways
(Figure 4.7). We chose to investigate two critical aspects of DC biology: population home-
ostasis, assayed by proliferative and apoptotic markers, and the steps of antigen uptake,
processing, and presentation.

In order to assess antigen uptake in vivo, we examined the acquisition of tumor-derived

dsRed, an indicator of antigen uptake (Figure 4.8). We found that a greater number
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of dsRed"CD103" DCs were positive for co-stimulatory markers and were preferentially
expanding as a population (Figures 4.12 - 4.14). However, the amount of dsRed per cell
was the same across PTPN22 cKO and W'T DCs. In order to look more deeply into antigen
processing and presentation, we employed tools available in the OVA system for in vitro
studies. We found that, while DCs from PTPN22 ¢cKO and WT mice had equal levels of
antigen uptake, PTPN22 cKO DCs had more antigen processing per cell and also generated
more OVA peptide/KP complexes on the surface (Figures 4.16 - 4.20).

We also investigated the mechanism by which PTPN22 regulates DC proliferation. Flt3L
is a critical growth factor for DCs, and using scRNAseq, we found that FIt3 is highly ex-
pressed in CD103" DCs and pDCs within the TME, and that FIt3L was expressed by
multiple cell types but predominantly present on CD8" T cells (Figure 4.21). In vitro, we
found that PTPN22 ¢cKO DCs were more responsive to F1t3L stimulation, as evidenced by
an increase in the percentage of cells positive for Ki67 (Figure 4.21 C). Previous data has
shown that FLT3L is expressed in response to infection and specifically drives the expansion
of BATF3-lineage DCs in mice [182]. This possess the potential for a similar mechanism in
the context of an immunological challenge by tumor cells.

These data support the notion that CD103" DCs from PTPN22 cKO mice are better
able to mount an anti-cancer immune response through their increased ability to process
and present antigens, as well as from their increased sensitivity to FLT3L, allowing them to

expand therefore amplifying their net ability to activate and maintain tumor antigen-specific

CD8" T cells.

5.2 Considerations for Future Directions

Biologically, the loss of PTPN22 seems to regulate DC activation, specifically their abil-
ity to process and present antigens and also heighten their ability to proliferate in response

to F1t3L. DCs are able to take up antigens by multiple mechanisms, such as phagocytosis,
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endocytosis, macropinocytosis, and others [183]. Interestingly, phosphorylation status deter-
mines different signaling cascades in these pathways, including cytoskeletal rearrangement,
phagosome formation, and receptor-mediated signaling. PTPN22 may regulate one of these
processes. Fl1t3 ligand sensitivity also is increased, and it will be of interest to determine
whether PTPN22 regulates the phosphorylation of STAT proteins downstream from FLT3

engagement.

5.2.1 PTPN22-mediated post-translational requlation of DC activation

RNA sequencing suggested a role for PTPN22 in the ability of DCs to process and
present antigen and their ability to respond to stimulatory factors in the TME. Whether
one process is a consequence of the other warrants further investigation, but together, this
points towards the biological processes driving improved tumor control in PTPN22 cKO
mice. Moving forward, next-generation phosphoproteomics will be of interest to pursue in
order to identify potential direct substrates for the dephosphorylation activity of PTPN22.
This will be challenging for a small number of cells.

There is also a need for improved cataloging of intratumoral DCs by single-cell RNA
sequencing methods. Identifying and characterizing cellular subsets and cellular states are
critical for advancing further our understanding of anti-tumor immunity. DCs exist in a
variety of flavors that dictate their capabilities and the immune processes they elicit or
impede |75, 76, 77]. While scRNAseq has provided key insights, this sequencing comes at
the expense of sequencing depth. Our results serve as a starting point for understanding the
role of PTPN22 in DCs but advances in phosphoproteomics on small cell numbers will be

necessary to elucidate its molecular mechanisms fully.
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5.2.2  Expression of PTPN22 in other myeloid cells

In T cells, PTPN22 forms a complex with CSK where they dephosphorylate activating
marks and phosphorylate activating ones upon TCR signaling to ensure only high-affinity
TCR signaling results in T cell activation [115]. Similarly, PTPN22 is also implicated in
regulating B cell receptor (BCR) signaling. However, there are conflicting results as to
whether it functions as negative or positive regulator, which are further confounded by the
functional status of the pro-autoimmune variant [184, 185]. On the other hand, as one of the
most abundant cell types in tumors, macrophages are an additional cell type that should be
investigated regarding a functional role of PTPN22 [81, 82].

The work outlined here shows that DC-intrinsic PTPN22 plays a role in the improved
anti-tumor response observed in the global PTPN22 KO model, but it does disqualify other
myeloid cells as potentially important by means of different or redundant mechanisms.

To this end, we have also begun to characterize the potential role of PTPN22 in macrophages
by employing a LysM-Cre system crossed with our PTPN22 cKO mice. A second Cre trans-
genic (CD64-Cre) also is being employed, as LysM is not entirely macrophage-specific.

Preliminary data from these experiments have unexpectedly shown that deletion of
PTPN22 in the LysM compartment exacerbates tumor growth. However, the LysM-Cre sys-
tem has been shown to have activity in 60-70% of neutrophils in addition to macrophages.
Future experiments depleting macrophages with clodronate and neutrophils with anti-Ly6G
will help clarify the dominant LysM-expressing cell in the context of PTPN22 [186]. Lastly,
we have also begun breeding PTPN22 ¢KO mice on a CD64-Cre background for more tar-
geted macrophage depletion. These and other experiments will be needed to clarify the role
of PTPN22 in various myeloid cell compartments beyond CD11c" cells in the context of

cancer.
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5.2.3  Understanding the therapeutic potential of PTPN22 inhibition

As a negative regulator of anti-tumor immunity, PTPN22 is an attractive therapeutic
target for cancer immunotherapy, but understanding its role in a cell-specific manner may
aid in the development of efficacious and safe therapies. One strategy considered thus far is
the deletion of PTPN22 from T cells used for adoptive therapy. Initial studies utilizing OVA
as a model antigen in ovarian and lymphoma models showed promise for PTPN22 KO TCR
transgenic T cells, but this was only true in the context of low-affinity antigens [124, 125].
These OVA-specific (OT-I) T cells also seemed to be better able to produce inflammatory
cytokines, driving resistance to TGF-£ in solid tumor models [132]. Of note, PTPN22 KO
OT-I T cells were more resistant to host Tregs but equally sensitive to PTPN22 KO Tregs
that were similarly more suppressive in comparison to their WT counterparts. However,
PTPN22 KO OT-I cells failed to control other tumors, such as colorectal and mammary
models, thus diminishing enthusiasm [133]. Accordingly, a recent report found that loss
of PTPN22 in CAR-T cells drove expedited exhaustion, as TCR over-stimulation drove
dysfunction [134].

Another approach is to target PTPN22 systemically through small molecule inhibitors.
However, the generation of inhibitors with sufficient potency and specificity has proven dif-
ficult in regard to the PTP family of proteins. Nevertheless, two recent examples highlight
the potential for this approach. A quinolone derivative targeting PTPN22 was developed,
showing 7 to 10-fold selectivity over other PTPs. Administration of this PTPN22 inhibitor
phenocopied tumor control observed in PTPN22 KO mice and improved efficacy of anti-
PD-1 treatment. More recently, Baumgartner and colleagues showed the development of a
PTPN1/N2-specific inhibitor. In this case, PTPN1 and PTPN2 have redundant functions,
and their inhibition across immune and tumor cells proves beneficial in a variety of tumor
models [187]. Together, these show the potential for small molecule inhibitors targeting

PTPN22 for cancer immunotherapy.
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Our new findings suggest a new set of therapeutic strategies based on a DC-intrinsic role
for PTPN22. DC-based therapeutics have been of great interest but have been primarily
hindered by the scarcity of DCs in circulation and the lack of universally applicable anti-
gens for DC vaccines. Still, DC vaccines are FDA-approved for the treatment of metastatic
castrate-resistant prostate cancer (mCRPC). This vaccine works by isolating DCs from pa-
tients and culturing them with growth factors and the antigen prostatic acid phosphatase
(PAP) that is expressed on 95% of prostate tumors [188]. Our lab has explored similar
approaches whereby DCs are injected intratumorally to restore T cell infiltration into solid
tumors [145].

Targeting DCs specifically is also an attractive approach. These approaches include
the modification of lipid nanoparticles to target the delivery of siRNA to DCs as well as
monoclonal antibodies targeting inhibitory molecules on DCs [189, 190|. However, these
approaches are predicated on the discovery and characterization of negative regulators and
inhibitory molecules specific to DCs in the TME [191]|. Thus, improved cataloging of DCs in
the TME by scRNAseq and spatial transcriptomics followed by DC-intrinsic characterization
will be critical for the development of novel DC-based therapies for cancer.

In conclusion, the novel findings presented here, along with future discoveries regarding
the cell-intrinsic roles of PTPN22, and with innovations in medicinal chemistry and drug de-
livery systems, suggest the potential development of safe and efficacious PTPN22-targeted
therapies for cancer. Thus, it is imperative to continue developing targeted and selective
inhibitors while simultaneously characterising the molecular mechanisms of PTPN22 regu-

lation in different immune cell subtypes.
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