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Myeloid MyD88 restricts CD8* T
cell response to radiation therapy
In pancreatic cancer
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Marka R. Crittenden®2 & Michael J. Gough'**

Radiation therapy induces immunogenic cell death in cancer cells, whereby released endogenous
adjuvants are sensed by immune cells to direct adaptive immune responses. TLRs expressed on
several immune subtypes recognize innate adjuvants to direct downstream inflammatory responses
in part via the adapter protein MyD88. We generated Myd88 conditional knockout mice to interrogate
its contribution to the immune response to radiation therapy in distinct immune populations in
pancreatic cancer. Surprisingly, Myd88 deletion in Itgax (CD11c)-expressing dendritic cells had little
discernable effects on response to RT in pancreatic cancer and elicited normal T cell responses using

a prime/boost vaccination strategy. Myd88 deletion in Lck-expressing T cells resulted in similar or
worsened responses to radiation therapy compared to wild-type mice and lacked antigen-specific CD8*
T cell responses from vaccination, similar to observations in Myd88~- mice. Lyz2-specific loss of Myd88
in myeloid populations rendered tumors more susceptible to radiation therapy and elicited normal
CD8*T cell responses to vaccination. scRNAseq in Lyz2-Cre/Myd88"f mice revealed gene signatures in
macrophages and monocytes indicative of enhanced type | and Il interferon responses, and improved
responses to RT were dependent on CD8* T cells and IFNAR1. Together, these data implicate MyD88
signaling in myeloid cells as a critical source of immunosuppression that hinders adaptive immune
tumor control following radiation therapy.

Successful immune responses require both antigen and adjuvant to provide immune targets and maturation
signals that result in antigen presenting cell (APC) maturation, trafficking, cross presentation, and effective T
cell costimulation. A range of pathogenic products can serve as immunological adjuvants, but these are mostly
absent in the sterile immunity that occurs in response to tumor growth and treatment'?. Instead, various modes
of cell death can generate or release a range of endogenous immunological adjuvants that can provide signals to
mature APCs and contribute to immune responses. While increased release of immunological adjuvants would be
expected to enhance anti-tumor immunity, this doesn’t fit with the clinical data. Published data across a range of
malignancies shows that necrosis is predictive of poor patient outcome’®-®, that patients with increased expression
of endogenous adjuvants such as calreticulin and HMGBI in their tumor exhibit a worse prognosis than those
with lower or absent expression”'’, and that blockade of the endogenous adjuvant HMGBI improves immune
control of tumors in preclinical models'!. Despite this, cytotoxic therapies such as radiation therapy succeed
where they increase endogenous adjuvant release'®™', and injection of a wide range of immune adjuvants at
supraphysiological doses can improve immune control of tumors'. These data indicate that there is a disconnect
between the potential positive role of immunological adjuvants, and their effects in tumorigenesis and conven-
tional treatment. Importantly, the sensors for immunological adjuvants are not evenly spread among immune
cells so that specific immune cells may specialize in sensing specific endogenous or exogenous adjuvants. In
addition, the differentiation of immune cells can result in varying responses to the same adjuvant, as evidenced
by the differently polarized macrophages associated with tumor progression and chronic immunity'>~"7.

TLRs are sensors that recognize microbial products and immunological adjuvants released by dying cells to
direct downstream inflammatory reactions by MyD88-dependent and TRIF-dependent mechanisms [extensively
reviewed in'®2°]. All of the TLRs signal through the MyD88 pathway, with the exception of TLR3 which exclu-
sively signals through TRIF, and TLR4 uniquely signals via both MyD88 and TRIFE. Upon ligand engagement,
TLRs dimerize to initiate signaling cascades downstream of these adaptor molecules, resulting in activation of
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NF-xB, AP-1, and IRF transcription factors that lead to activation of inflammatory programs. For the cell surface
TLRs, the MyD88 pathway largely drives activation of NF-kB and AP-1, which leads to production of inflamma-
tory cytokines, including TNFa, IL-1f, IL6, IL10, IL-12, and IL-18. Conversely, the TRIF/IRF pathway is largely
responsible for production of type I IFN, but also converges on the NF-kB pathway to help control the balance
of inflammatory gene expression and type I IFN production. Fine balance of these pathways downstream of TLR
engagement in critical for pathogen clearance and avoidance of tissue pathology.

Seminal studies have revealed that TLRs expressed on antigen presenting cells, including Batf3* dendritic cells
(DCs), recognize endogenous adjuvants released by dying cells resulting in their maturation and enhanced cross-
presentation to CD8" T cells?’ . However, TLR signaling has also been shown to regulate macrophage phenotype
and enhance T cell functionality by serving as a TCR costimulatory factor'*>"32. Because total Myd88~'~ mice
lack critical immune functions of adjuvant signaling in each cell type described above, we generated conditional
Myd88 knockout mice to further understand how adjuvant sensing by TLRs within distinct immune subtypes
regulates immune responses and tumor control following radiation therapy.

Results

MYDB88 and TLR expression in human and murine pancreatic cancer. Because multiple cell types
within tumors utilize TLRs and MyD88 to respond to adjuvants released by cancer cells, we first sought to
identify which cell types were associated with MYD88 expression in the TCGA PAAD cohort. We utilized
CIBERSORTx™ to correlate the presence of major immune subsets with MYD88 expression. We found that
MYD88 expression was positively correlated with activated dendritic cells and monocytes (Fig. 1A), while its
expression was negatively correlated with resting NK cells and naive B cells (Fig. 1B). We found positive but
insignificant associations with M0 and M2 macrophages, activated NK cells, mast cells, and Tregs, and negative,
but insignificant association with M1 macrophages, memory resting CD4"* T cells, neutrophils, and CD8* T
cells (Supplemental Fig. 1A). We similarly used CIBERSORTx to determine correlation patterns between TLR
expression and presence of cell types. We found that B cells, naive and memory activated CD4" T cells formed
a cluster of high positive correlation with TLR6, TLR9, and TLRIO expression and slight negative correlation
with TLR3 and TLR5 expression (Fig. 1C and Supplemental Fig. 1B). Forming a cluster of positive correlation
amongst expression of most TLRs were M1 macrophages, monocytes, and to a lesser extent, resting NK cells and
CD8 T cells (Fig. 1C and Supplemental Fig. 1B). There was a slight negative correlation between TLR expres-
sion and presence of activated mast cells, Tth cells, eosinophils, and plasma cells, with a more robust negative
correlation between TLR expression and presence of activated DCs and NK cells, Tregs, and M0 macrophages
(Fig. 1C and Supplemental Fig. 1B). Forming a cluster of more heterogeneous TLR expression were resting mast
cells, resting DCs, memory resting CD4" T cells, M2 macrophages, and neutrophils (Fig. 1C and Supplemental
Fig. 1B). To further verify TLR and MYD88 expression in human PDAC, we assessed their expression in a pub-
licly available scRNAseq dataset*. We filtered our analysis to PTPRC* (CD45*) immune cells in PDAC tissue
and excluded all other cell types from the analysis. We found that MYD88 was highly expressed in macrophages/
monocytes, DCs, and granulocytes (Fig. 1D). Macrophages/monocytes expressed very high levels of all TLRs,
apart from TLR9 toTLR10 (Fig. 1D). Granulocytes expressed high levels of all TLRs, while DCs expressed simi-
larly high levels of all TLRs except for TLR9 (Fig. 1D). B cells expressed very high levels of TLR9 and TLR10 and
lower levels of TLR1 and TLR6, while NK cells expressed low levels of TLRY (Fig. 1D). All other immune cells
expressed relatively low levels of MYD88 and TLRs.

We next determined which cell types express Myd88 and TLRs in murine pancreatic tumors. To do this, we
performed single-cell RNA sequencing (scRNAseq) on CD45" cells isolated from untreated PK5L1940 tumors in
wild-type mice. We found that macrophages/monocytes, B cells, and granulocytes expressed the highest levels of
TLRs overall (Fig. 1E). Granulocytes expressed highest levels of TIr6, Tir4, and TIr2, while macrophages/mono-
cytes expressed highest levels of TIr8, Tlr5, and TIr2 (Fig. 1E). Conversely, T cells, NK cells, and cDCs expressed
lower levels of most TLRs, except cDCs expressed very high levels of Tlr3, which does not signal through MyD88
(Fig. 1E). Notably, granulocytes and macrophages/monocytes expressed the highest levels of Myd88 (Fig. 1E).
Together, these data indicate that MYD88 and TLRs are heterogeneously expressed in pancreatic cancer, with
granulocytes, B cells, and cells of the macrophage/monocyte lineage expressing high levels of TLRs that signal
through MyD88.

Myeloid MyD88 restricts antitumor response to RT in pancreatic cancer. Myd88 knockout in all
host cells has been associated with defective T cell responses correlated with impaired DC maturation and cross
presentation®"*. However, our scRNAseq results indicated that macrophages/monocytes and granulocytes may
be primed to respond to TLR signals, given that they express high levels of Myd88 and several Tlrs. In order to
delineate the effects of MyD88 within distinct immune subsets, we crossed Myd88"" mice with Itgax(CD11c)-
Cre mice (primarily DC-specific), Lck-Cre mice (T cell-specific), or Lyz2-Cre mice (granulocyte-, macrophage-,
and monocyte-specific). To determine how cell type-specific loss of Myd88 expression affects tumor growth
and responses to radiation therapy (RT), we used two pancreatic cell lines Panc02-SIY and the more aggres-
sive PK5L1940. Each have the SIY model antigen, but while Panc02 arose following MCA mutagenesis of the
murine pancreas®, PK5L1940 developed from a KPC-LSIY genetically engineered murine model”. 14 days
post-implantation of Panc02-SIY cells, mice were left untreated or were treated with 16 Gy RT and overall sur-
vival was assessed. In untreated mice, we found moderately improved outcomes in both Itgax-Cre/Myd88""
and Lyz2-Cre/Myd88"# mice, implicating MyD88 as an immunosuppressive factor in both DCs and myeloid
cells during tumor growth (Fig. 2A). In response to RT, Myd88~/~ mice had comparable outcomes compared
to Myd88"" mice, paralleling prior reports®*® (Fig. 2B). Similarly, Itgax-Cre/Myd88"" mice had outcomes that
were not significantly different compared to control Myd88"/ mice treated with RT (Fig. 2B). Lck-Cre/Myd88™"!
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Figure 1. MYD88 and TLR expression in human and murine pancreatic cancer. (A) Linear regression analysis showing positive (A)
and negative (B) Pearson correlation between MYD88 expression and inferred presence of indicated immune subsets as estimated by
CIBERSORT in the PAAD TCGA dataset (n=149). (C) Heatmap showing linear regression analysis of TLR and MYD88 expression
with presence of immune subsets as inferred by CIBERSORT in the PAAD TCGA dataset (n=149). Positive Pearson correlations are
indicated in shades of red, while negative correlations appear in blue. Data were visualized using ClustVis*. See Supplemental Fig. 1B
for p values. (D) scRNAseq analysis on publicly available human PDAC samples*. Relative gene expression was assessed on PTPRC*
(CD45*) immune cells in PDAC, with non-immune cells excluded from analysis. Depicted are log, fold change expression levels of
indicated TLR genes and MYD88 in Itgam*Csflr*CD68* macrophages/monocytes; CD1A*, CDIB*, or CD1E* DCs; CSFIR CSF3R*
granulocytes; CD79A* B cells; CD3E*CD4* CD4" T cells; CD3E' KLRCI* NK cells; CD3E*CD8B* CD8" T cells; and CPA3* mast

cells. (E) scRNAseq was performed on CD45* cells isolated from untreated PK5L1940 tumors in Myd88"# mice (n=4 mice).
Depicted are log, fold change expression levels of indicated Tlr genes and Myd88 in Itgam*Csf3r*Ly6¢2~ granulocytes, Cd79b* B cells,
ITtgam* Csf1r*Adgre* macrophages/monocytes, Cd3e*Cd8a* CD8" T cells, Zbtb46"* cDCs, Cd3e*Cd4* CD4" T cells, and KirbIc* NK
cells. Significance in (A-C) was assessed by Pearson correlation, with p values as indicated in (A,B). See also Supplemental Fig. 1B.

Scientific Reports|  (2023) 13:8634 | https://doi.org/10.1038/s41598-023-35834-w nature portfolio



www.nature.com/scientificreports/

Panc02-SIY - untreated

= 1500
100 | —WT : 07 0/4 0/11 0/5 0/5
®©
< - Myds” %] 3 1000
3 5o  ltgax/Mydgs! |x §
% —— Lck/Myd88 % 500
8 H ' Lyz2/Myd88 2
0 S F o
0 50 100 0 50 1000 50 1000 50 1000 50 100 0 50 100
Days post-implantation Days post-implantation
pancoz-SiY 16 6y & 1500 4/15 0/11 3[15 0/7 16/26
E‘100- CWT E
£ - Mydg8* gmoo
3 50 — ltgax/Myd88 |¥ 5
g L L ck/Myd88 g 500
8 —— Lyz2/Myd88 E
0'—I___| '_ 0 T T T T T T T T T
0 50 100 0O 50 1000 50 1000 50 1000 50 100 0 50 100
Days post-implantation Days post-implantation
PK5L1940 - untreated 1
1004 & 1500 0/6 0/ 07 o/
g —WT 51000
% " Itgax/Myd88 §
— 504 3
§ —:—Lck/Myd88 g 500
g:, Lyz2/Myd88 g
o+—"— = 0+ T 1 T 1 T 1 T 1
0 25 50 0 25 500 25 500 25 500 25 50
Days post-implantation Days post-implantation
PK5L1940 - 16 G
’ & 1500 0/6 o7 /8 0/10
100 E
g T \E'10
5 — ltgaxmydss| & 1000
>
z 50+ " Lck/Myd88 2 .00
£ —— Lyz2/Myd88 s}
€ §
L 0+ T 5 T . T 7 T .
0 25 50 0 25 500 25 500 25 500 25 50

Days post-implantation

Days post-implantation

Figure 2. Myeloid MyD88 restricts response to RT in pancreatic cancer. (A) Survival curves (left) and
individual Panc02-SIY tumor growth curves (right) in untreated mice of the indicated genotype (n=4-11 mice
per group). (B) Survival curves (left) and individual Panc02-SIY tumor growth curves (right) in mice of the
indicated genotype treated with 16 Gy RT (n=7-26 mice per group). (C) Survival curves (left) and individual
PK5L1940 tumor growth curves (right) in untreated mice of the indicated genotype (n=6-8 mice per group).
(D) Survival curves (left) and individual PK5L1940 tumor growth curves (right) in mice of the indicated
genotype treated with 16 Gy RT (n="7-10 mice per group). Numbers in the upper right of individual tumor
growth curves in (A-D) represent the proportion of mice cured by RT. Significance in (A-D) was assessed by

log-rank test. * p<0.05; ** p<0.01.

mice consistently had slightly larger tumors at time of treatment, though this did not impact survival as out-
comes were similar to Myd88"# mice (Fig. 2A,B). However, Lyz2-Cre/Myd88"/ mice had significantly improved
outcomes in response to RT, with tumor cures observed in 61.5% of mice (Fig. 2B). Flow cytometric analysis of
tumors in WT and Lyz2-Cre/ Myd88"# mice 7d post-RT revealed that broad populations of infiltrating immune
cells were largely unchanged between groups, with the exception that CD11b*MHCII Ly6C Ly6G~ immature
myeloid cells were increased in Lyz2-Cre/ Myd88™/ mice treated with RT (Supplemental Fig. S2). To validate
these data in another model, we implanted the more aggressive pancreatic cancer cell line PK5L1940 into mice.
We found no differences among any genotype in untreated mice, but again found improved survival in Lyz2-Cre/
Myd88"" mice post-RT (Fig. 2C,D). Together, these data indicate that loss of MyD88 in the myeloid compart-
ment improves pancreatic cancer response to RT, which cannot be observed with total MyD88 loss.

Improved survival in Lyz2-Cre/Myd88"" mice correlates with de-repression of interferon
responses. To understand the improved response to RT in Lyz2-Cre/Myd88™ mice compared to Myd88™"/
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mice and to assess the tumor immune phenotypes in the in vivo setting, we performed single cell RNA sequenc-
ing on CD45* immune cells isolated from PK5L1940 tumors in untreated mice and 3d post-RT. UMAPs were
generated in an unbiased manner and revealed that immune populations largely grouped according to dominant
cell types present within each cluster according to lineage marker expression, with subpopulations of DCs, mac-
rophages, and monocytes representing one large cluster, subpopulations of granulocytes representing a second
large cluster, and several populations of T and NK cells representing a third large cluster (Fig. 3A). Among
these clusters, we observed two different populations of DCs, four populations of macrophages/monocytes, four
populations of neutrophils, and four populations of T cells (Fig. 3A and Supplemental Fig. $3,4). Macrophages
and monocytes expressed of high levels of Itgam (CD11b), Csflr, Ccr2, and Adgre (F4/80). Within these popula-
tions, monocytes were in part defined by expression of high levels of Cxc3r1; M1 macrophages had increased
expression of interferon responsive genes, including Isg15, Cxcl10, Ifitl, Ifit2, and Ifit3; M2-like macrophages
expressed high levels of Vegfa, Argl, and Mrcl; while TAMs/Tissue resident macrophages also expressed these
genes at high levels but also expressed high levels of C1q transcripts (Supplemental Fig. S2,3). Differential gene
expression analysis amongst the entire immune population of untreated mice revealed decreased levels of factors
associated with immunosuppression and recruitment of immunosuppressive cells, including Argl, Tgm2, Ccl24,
and Cxcl2 in Lyz2-Cre/Myd88"# mice compared to control mice (Fig. 3B). In RT-treated mice, we saw increased
expression of several genes associated with type I and type II interferon responses, including Cxcl10, Stat1, Isg15,
and Ifi204 and decreased expression of factors associated with chemotaxis, including Cxcl2 and Ccl5 in Lyz2-Cre/
Myd88"# mice compared to control mice (Fig. 3C). Separation of UMAPs according to genotypes and treatment
groups revealed more striking differential gene expression between Myd88"" and Lyz2-Cre/Myd88"" in mice
treated with RT compared to untreated mice (Fig. 3D). Aside from the lack of both Th1 and Th2 T cells in Lyz2-
Cre/Myd88" mice 3d post-RT, which may be due to reduced levels of Ccl5 at this timepoint, we observed differ-
ences in the types of macrophages present within tumors. There was a notable increase in the M1/TAM ratio in
Lyz2-Cre/Myd88"/ mice compared to Myd88"/ mice (Fig. 3D,E). Differential gene expression of the top 10 genes
between the M1 and TAM populations revealed an increase in interferon responsive genes in the M1 population
and increased factors associated with immunosuppression and opsonization in the TAM population (Fig. 3F).

To further understand which cell types and inflammatory programs are driving improved responses to RT
in Lyz2-Cre/Myd88"" mice, we assessed differential gene expression patterns in distinct immune populations
within RT-treated mice. Lyz2 expression is highest among macrophages and monocytes, with reduced expression
amongst granulocytes (Supplemental Fig. S5A). Differential gene expression analysis of significantly regulated
genes in Myd88-deficient Itgam*Csflr*Adgrel* (CD11b*CSF1R*F4/80%) cells (all macrophages/monocytes)
revealed increased gene expression of interferon-responsive genes (e.g. Ifit1/2, Irf7, Stat1/2, and Cxcl10), and
decreased expression of some genes associated with Th2/M2-type macrophages (e.g. Mmp9, Lmna, Statl) and
recruitment of tumor-associated neutrophils (Cxcl2)** (Fig. 4A,B). Network analysis using Ingenuity Pathway
Analysis (IPA) revealed a gene expression network indicative of increased type I IFN, including genes associated
with increased MHC class I loading, as well as genes directly or indirectly associated with IRF7 and STAT1/2
signaling (Supplemental Fig. S5B). IPA canonical pathway analysis revealed gene signatures associated with
cytokine and chemokine expression in influenza, activation of IRF by cytosolic PRRs, interferon signaling, and
genes associated with T cell exhaustion/function (Fig. 4C). Upstream analysis indicated increased gene expression
patterns associated with activation of STAT1, IRF3 and IRF7, type I and II interferons, and decreased expres-
sion patterns associated with Th2/M2-type macrophages including TRIM24, IL10RA, and NFATS5 (Fig. 4D).
Itgam* Csf3r*Ly6c2-granulocytes (Supplemental Fig. S6A,B) and Zbtb46" ¢cDCs (Supplemental Fig. S6C,D) were
affected in tumors to a lesser extent than macrophages and monocytes, but similarly expressed gene expression
patterns associated with type I and type II interferons and genes associated with PRR signaling. Given our scR-
NAseq data above indicating that macrophage phenotype was changed in Lyz2-Cre/Myd88"" mice responding
to RT, we determined how TLR4 ligation with LPS affected cytokine output from bone marrow-derived mac-
rophages (BMM®s) from Myd88"" or Lyz2-Cre/Myd88"/ mice to mimic adjuvant release in a more controlled
setting. We found that BMM®s from Lyz2-Cre/Myd88"" mice stimulated with LPS had significantly reduced
TNFa, IL-10, and IL-6 production compared to control BMM®s (Fig. 4E). Altogether, these data indicate that
Myd88 expression in myeloid cells, including macrophages, results in a suppressive phenotype in macrophages
responding to TLR ligation and repression of IFN production.

T cell MyD88 is required for antigen-specific responses. Type I IFN production is important for T
cell responses*®*! and the results above indicate that RT fails to induce type I IFN when myeloid cells express
MyD88. However, T cell expression of MyD88 has also been shown to be important for CD8" T cell responses*~#4.
We therefore sought to better understand how T cell function is affected when MyD88 is deleted within distinct
immune subsets. To assess this, we utilized a prime/boost vaccination strategy with AActA-Ova Listeria mono-
cytogenes. In control mice, we observed robust CD8* T cell responses with ample interferon gamma (IFNYy)
production (Fig. 5A,B). This response was lost in total Myd88~~ mice where mice displayed an inability to con-
trol infection, with 7/10 mice succumbing to infection (Fig. 5A,B). In Itgax-Cre/Myd88"" mice, we observed a
modest but insignificant decrease in antigen specific CD8" T cell responses and IFNy production, indicating that
DC expression of MyD88 is not essential for antigen-specific CD8" T cell responses in this context (Fig. 5C,D).
However, T cell-specific loss of MyD88 (Lck-Cre/Myd88"") largely recapitulated the results observed in total
Myd88~~ mice, with deficient T cell responses to vaccination (Fig. 5E,F). Importantly, myeloid-specific Myd88
deletion (Lyz2-Cre/Myd88"%) had no significant effects on antigen specific CD8* T cell responses, which were
similar to Myd88"" mice (Fig. 5E,F). These data are consistent with reports demonstrating that loss of MyD88
in T cells restrains their function. For example, adoptive transfer experiments using Myd88~~ CD8" T cells
demonstrated their inability to undergo clonal expansion in response to LCMV infection, though their effector
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Figure 3. scRNAseq in untreated and RT-treated tumors from Myd88" and Lyz2-Cre/Myd88™"# mice.
scRNAseq was performed on CD45* cells isolated from untreated tumors or 3d post-RT in Lyz2-Cre/Myd88""
mice and Myd88"/' mice (n=4 mice per group). (A) Cells were subjected to graph-based clustering using the
Loupe Cell Browser, with the UMAP plot of unsupervised clustering shown. Dominant cell types within each
cluster were identified using expression of known markers (see also Supplemental Fig. $3,54). (B,C) Volcano
plots representing a global view of differential gene expression in CD45" cells that are upregulated in Lyz2-Cre/
Myd88" mice (right, orange) or upregulated in Myd88"" mice (left, blue) in untreated mice (B) or mice treated
with 16 Gy RT (C). (D) UMAPs were split according to genotype and treatment, with cells from Lyz2-Cre/
Myd88"" mice identified in orange and Myd88"" mice identified in blue. Untreated mice are depicted in the
lighter shade, while mice treated with 16 Gy RT are shown in the darker shade. TAM and M1 macrophage
clusters are circled in either red or black in 16 Gy treated mice. (E) Graph depicting the ratio of M1: TAM
populations as a percentage of total immune cells in Lyz2-Cre/Myd88™" mice treated with 16 Gy compared to
Myd88" mice treated with 16 Gy. (F) Top 10 genes upregulated in M1 and TAM populations. Significance

of differential gene expression in (B,C) was defined as fold change > 1.5 and p <0.1. Significance in (E) was
determined by Mann-Whitney test, * p <0.05.
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Figure 4. Enhanced interferon responses characterize infiltrating macrophages and monocytes in tumors
from Lyz2-Cre/Myd88"/ mice. scRNAseq was performed on CD45* cells isolated from untreated tumors or 3d
post-RT in Lyz2-Cre/Myd88"# mice and Myd88"" mice (n=4 mice per group). (A) Volcano plot of differential
gene expression in macrophages and monocytes (Itgam*Csflr*Adgrel* cells) that are upregulated in Lyz2-Cre/
Myd88"" mice (right, orange) or upregulated in Myd88"# mice (left, blue). (B) Violin plots of select genes
from (A). (C) Canonical pathway analysis using Ingenuity Pathway Analysis extrapolating likely pathways
activated in Lyz2-Cre/Myd88"" mice treated with 16 Gy RT based off of significant differential gene expression
from (A). (D) Upstream analysis based off of significant differential gene expression from (A) using Ingenuity
Pathway Analysis, which identifies likely regulators that explain differential gene expression patterns observed
in Lyz2-Cre/Myd88"/ mice (top, orange) or Myd88™" mice (bottom, blue). (E) Quantitation of TNFa (left),
IL-10 (center), and IL-6 (right) in supernatants of BMM®s of the indicated genotype 24 h after treatment with
100 ng/mL LPS as measured by the ProcartaPlex platform. Significance of differential gene expression in (A)
was defined as fold change > 1.5 and p <0.1. Significance in (E) was assessed by an unpaired, two-sided ¢-test. *
p<0.05,** p<0.01, *** p<0.0001.
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Figure 5. Myd88 expression in T cells is required for antigen-specific CD8" T cell responses to vaccination.
(A,C,E) Flow cytometric analysis of Ova-specific CD8" T cells in splenocytes isolated from Myd88~~ mice (A),
Itgax-Cre/Myd88"" mice (C), or Lck-Cre/Myd88"# mice and Lyz2-Cre/Myd88"! mice (E) compared to Myd88™!
mice after vaccination with AActA-Ova L. monocytogenes. (B,D,F) Same as in (A,C,E, respectively), except
splenocytes were stimulated with Ova,s;_», (SL8) peptide prior to flow cytometric analysis in the presence of
brefeldin A to assess IFNYy positivity in Ova-specific CD8" T cells. Each data point represents a single mouse
(n=3-8 mice per group). Significance was assessed by an unpaired, two-sided t-test (A-D), and one-way
ANOVA (E,F). Data are represented as means = SEM. ** p<0.01; **** p<0.0001.

functions were unchanged®. The retained function in CD8"* T cells in this case may be due to intact MyD88
signaling in CD4" T cells. Indeed, MyD88 signaling in CD4" T cells is also important for CD8* T cell func-
tion, as demonstrated by a lack of primary expansion and loss of effector function in mice lacking both CD4*
and CD8* T cells with or without antigen-specific stimulation*>*’, and T cell responses to a range of infectious
models**-3, Together, these results indicate that Myd88 expression in T cells is critical for antigen-specific
CD8* T cell responses and effector responses, which likely influenced results from tumor studies performed in
total Myd88~~ mice.

Improved survivalin Lyz2-Cre/Myd88"" miceis dependenton CD8*T cellsand Type I IFN.  Given
the normal T cell function in response to vaccination in Lyz2-Cre/Myd88"/ and the results above indicating
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increased type I IFN production, we wanted to determine whether improved survival was dependent on CD8*
T cells. Despite being a poorly radioimmunogenic tumor model in wild-type mice, we found that depletion of
CD8" T cells reversed the efficacy of RT on Panc02-SIY tumors in Lyz2-Cre/Myd88"/ mice (Fig. 6A). Thus, while
CD8* T cell depletion has no effect on response to RT in wild-type mice using this tumor model***, these data
indicate that the improved response to RT with loss of MyD88 in myeloid cells is dependent on T cell function. To
better understand the effects of RT in Lyz2-Cre/Myd88"" mice on the tumor environment following treatment,
we performed NanoString analysis using the Pan-Cancer Immune Profiling panel of whole tumors 7d post-
RT, which revealed increased gene expression signatures indicative of leukopoiesis/lymphopoiesis, lymphocyte
chemotaxis, and T cell development when myeloid cells lack MyD88 (Fig. 6B,C and Supplemental Fig. S7A).
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Figure 6. Improved response to RT in Lyz2-Cre/Myd88"# mice is dependent on CD8* T cells and Type I IFN.
(A) Survival curves (left) and individual Panc02-SIY tumor growth curves (right) in Lyz2-Cre/Myd88™" mice

treated with 16 Gy RT and aCD8 mAb (n=9-10 mice per group). Numbers in the upper right of individual

tumor growth curves represent the proportion of mice cured by RT. (B,C) Differential gene expression analysis

of Panc02-SIY whole tumor lysates from Lyz2-Cre/Myd88"/ mice and Myd88"" mice treated with 16 Gy RT

as determined by NanoString analysis using the PanCancer Immune Profiling gene set (n=2 mice per group;
experiment performed once). (B) Volcano plot of genes significantly upregulated (fold change > 1.5, p<0.1) in
Lyz2-Cre/Myd88™" mice (right, orange; n=2) or upregulated in Myd88"" mice (left, blue; n=2). (C) Ingenuity

Pathway Analysis of downstream functions likely resulting from differences in gene expression in Lyz2-Cre/

Myd88"" mice compared to Myd88"/ mice. (D) Survival curves (top) and individual PK5L1940 tumor growth

curves (bottom) in Myd88"" (WT) mice and Lyz2-Cre/Myd88"/ mice treated with 16 Gy RT and aIFNARI
mAbD (n=7-9 mice per group). Numbers in the upper right of individual tumor growth curves represent the
proportion of mice cured by RT. Significance in (A and D) was determined by log-rank test. Significance of

differential gene expression in (B,C) was defined as fold change > 1.5 and p <0.1, with the experiment performed
once. Data are represented as means+ SEM. * p <0.05; **** p <0.0001.
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Given that multiple cell types lack Myd88 in Lyz2-Cre/Myd88"" mice, we sought to determine which immune
subsets may be responsible for the improved outcomes in Lyz2-Cre/Myd88"" mice. We therefore depleted select
immune populations to determine whether its loss would reverse improved survival. We found that mice depleted
of granulocytes with aLy6G had similar outcomes compared to control mice (Supplemental Fig. S7B). Similarly,
macrophage depletion with aCSF1R with or without clodronate liposomes also did not significantly affect out-
comes (Supplemental Fig. S7C,D). These negative results are potentially due to pathway redundancy between
cell types, or instead due to incomplete depletion of macrophage/monocyte populations observed with these
techniques®®. Because improved type I IFN responses were observed in multiple cell types in Lyz2-Cre/Myd88""
mice, we wanted to determine whether the improved response to RT in these mice was dependent on type I
IFN. We therefore treated mice bearing PK5L1940 tumors with a blocking antibody to IFNARI 5d prior to RT,
with repeat blockade every 5d such that IFNARI signaling was blocked for 2 weeks post-RT. This resulted in a
complete reversal of improved outcomes observed in Lyz2-Cre/Myd88"" mice (Fig. 6D). Altogether, these data
indicate that MyD88 loss in myeloid cells permits a more positive immune environment following radiation,
associated with de-repression of IFN responses and improved CD8* T cell control.

Discussion

Radiation therapy is often described as a vaccination event whereby new CD8" cell responses are unleashed due to
antigen and adjuvant release from dying cancer cells®>. While TLR/MyD88 signaling has been shown to be critical
for Batf3* cDCI1 cross-presentation to CD8" T cells, we surprisingly found that MyD88 signaling was dispensable
in Itgax-expressing cells for the response to radiation therapy but is instead highly impacted by myeloid MyD88
expression in pancreatic cancer. One potential explanation for this response is that TRIF/IRF signaling remained
intact in myeloid cells in Lyz2-Cre/Myd88"" mice but the MyD88/NF-«xB pathway was suppressed. This led to
a decrease in expression of M2/Th2-type factors and increased expression of genes associated with type I and
type I IEN signaling, which improved immune control dependent on type I IFN and CD8* T cells. In contrast,
Itgax-Cre/Myd88"" mice retained MyD88 signaling in TAM, monocyte, and granulocyte populations, thereby
retaining myeloid-derived immunosuppression, and likely suppressed IFN responses.

We have previously shown that RT induces Nfkbl (NF-kB p105/p50) expression in macrophages that is
detrimental to the response to RT*”*%. This is potentially due in part to the increased propensity to form p50
homodimers that drive IL-10 production instead of p50:p65 heterodimers that drive I112b expression®*° or
other dimer combinations that drive inflammatory gene expression®-®2. This may also be associated with myeloid
reprogramming that occurs following the interaction of macrophages with dying cancer cells that drives immu-
nosuppression or tolerance®®*. Whether through these or additional mechanisms, it remains evident from our
experiments that myeloid MyD88 signaling restricts production of type I interferon in response to RT, thereby
limiting adaptive immune control of tumors in pancreatic cancer. This response was consistent across two cell
lines, although the degree of improvement was different between them. Panc02-SIY cells are derived from a
chemically induced model, where a Smad4 mutation is the only mutation commonly observed in human pan-
creatic cancer®. PK5L1940 cells were derived from KPC-LSIY mice, which have significantly fewer mutations,
but carry the commonly observed Kras and Tp53 mutations. The degree of difference is potentially due to the
fact that the chemically induced Panc02-SIY cells carry more neoantigens against which T cells can be generated,
though our experiments do not directly test this hypothesis. While the Cre-driven conditional knockouts limit
our ability to treatment directly in Cre-driven spontaneous tumor models, additional studies to confirm the
impact of ongoing and treatment-related MyD88-driven signaling in pancreatic cancer on outcome are needed
to evaluate this in a more authentic tumor environment. However, our scRNASeq analysis of TLR and MyD88
expression in the PK5L1940 tumors derived from KPC-LSIY mice and patient pancreatic tumors suggest similar
cells and pathways are involved in both settings.

Multiple cell types within the tumor microenvironment express MyD88 and its associated upstream recep-
tors. While previous studies have shown that MyD88 expression in DCs is important for maturation and cross-
presentation to T cells?’, our results above indicate that MyD88 expression in tumor-associated myeloid cells
suppress CD8* T cell responses to RT dependent on type I IFN. Whether or not this response is due differential
presence of NFkB subunits or other factors remains to be determined. On the other hand, MyD88 signaling
is also important for antigen-specific T cell responses. Loss of MyD88 in T cells results in decreased clonal
expansion and effector function in mice infected with LCMV*>4, Similarly, in mixed bone marrow chimeras,
Myd88~'~ CD4* and CD8* T cells expanded less and had reduced IFNy production than their WT counterparts
in response to T. cruzi infection®’. Similar results were observed in CD4" T cells with transfer of Myd88~'~ sple-
nocytes into Ragl ™~ mice®'. While certainly important for primary expansion of CD8" T cells after TCR engage-
ment, MyD88 is not required for the maintenance of memory T cells as demonstrated by an inducible model of
Myd88 deletion*®. Altogether, these data indicate that a blockade of TLR/MyD88 signaling after antigen recog-
nition and memory T cell formation might be beneficial by dampening myeloid-derived immunosuppression.

Type I IFN responses are associated with improved outcomes across various cancer pathologies and strategies
to drive these responses are underway®>*. We and others have shown that combination of TLR3 agonists that
do not signal through MyD88 are effective when combined with RT***7-%°, and other combinatorial strategies
utilizing TLR7 or TLRY agonists that also preferentially drive type I IFN responses also have improved response
to RT in various cancers’’”%. However, TLR9 has also been shown to limit response to RT in some instances’>,
while other studies have shown that targeting multiple TLRs with Salmonella typhimurium secreting flagel-
lin B results in improved tumor suppression accompanied by an M2-M1 shift in macrophage polarization’®.
""Together, these studies underscore the contextual nature of the response to TLR agonists or adjuvants released
by dying cells, which may be dependent on dominant mechanisms of immune escape. Clinical trials utilizing
TLR agonists in several solid tumors are currently underway, including in combination with radiation therapy
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and/or immunotherapy in pancreatic cancer. Our results indicate that the MyD88 pathway in myeloid cells may
limit RT-mediated immune control of pancreatic cancer and agonists avoiding inflammatory MyD88 signaling
or myeloid-specific MyD88 inhibition may be alternative strategies to improve outcomes.

Methods
Resource availability. Materials availability. Further information and resource requests should be di-
rected to the Lead Contact, Michael Gough (Michael.gough@providence.org).

Data and code availability. scRNAseq and Nanostring data have been deposited into the GEO under accession
number GSE176015. Data are accessible with reviewer code anahkgwsxferred.

Experimental model and subject details. Animal studies and cell lines. ~ All animal experiments were
performed in compliance with the National Institutes of Health guidelines and were approved by the Institu-
tional Animal Care and Use Committee at Earle A. Chiles Research Institute. All experiments were performed
in accordance with relevant guidelines and regulations and is reported in accordance with ARRIVE guidelines.
Euthanasia was performed by gradual CO, asphyxiation and cervical dislocation according to AVMA guiede-
lines. Male and female experimental mice were used between 6 and 12 weeks of age, the number of mice per ex-
perimental group indicated in each figure and/or figure legend. Unblinded mice were randomized to treatment
groups by cage with post hoc analysis of tumor volumes at time of RT performed to ensure tumor volumes were
not significantly different at time of treatment across treatment groups. All animal experiments were performed
a minimum of two times and pooled, unless otherwise noted.

Myd88~'~ (Stock #009,088)%, Itgax-Cre (CD11c; Stock #007,567)77, Lek-Cre (Stock #003,802)78, Lyz2-Cre (Stock
#004,781)7°, and Myd88"" (Stock #008,888)* mice were purchased from Jackson Laboratory (Bar Harbor, ME).
To generate mice with lineage-specific deletion of Myd88, we crossed MyD88"" mice with Itgax-Cre (CD11c-
Cre), Lck-Cre, and Lyz2-Cre (LysM-Cre) mice to homozygosity, respectively.

Panc02-SIY cells were kindly provided by Dr. Weichselbaum (University of Chicago)®. PK5L1940 cells have
been previously described®!. Cells were cultured in RPMI 1640 supplemented with 10% FBS, 10 mM HEPES,
1 x non-essential amino acid, 110 ug/mL sodium pyruvate, 100 U/mL penicillin, 100 pug/mL streptomycin, and
55 uM B-mercaptoethanol. Panc02-SIY or PK5L1940 cells were suspended in PBS and injected subcutaneously
at a concentration of 5.0 x 10° or 0.2 x 10° cells in 50uL, respectively. Tumor-bearing mice were monitored three
times per week until tumors exceed 12 mm in size, or when body condition score declined. Tumor volume (V)
was calculated using the formula V (mm?) = A x B%/2, where A reflected the larger tumor diameter and B the
smaller diameter.

CT-guided radiation therapy was delivered using the XStrahl Small Animal Radiation Research Platform
(Suwanee, GA)®, using a 10 x 10 mm collimator with beam angles designed to minimize normal tissue and
draining lymph node exposure. Dosimetry was performed using MuriSlice software®, with treatment calculated
to the tumor isocenter. All animals received 16 Gy RT 14 days post-implantation, when tumors were approxi-
mately 50-100 mm®.

In vivo blockade and depletion studies were performed by i.p. administration of aCD8 (2.43), aCSF1R
(AFS98), aLy6G (1A8), or a[FNARI (MARI1-5A3) antibodies, all obtained from BioXcell (Branford, CT). 100 ug
aCD8 was administered 5d prior to RT and every 7d thereafter for a total of 3 injections. 500 pug aCSFIR was
given 5d prior to RT and 250 pg was given every 5d thereafter for a total of 6 doses. 1.0 mg of clodronate or con-
trol liposomes (Liposoma BV, Amsterdam, Netherlands) were administered concurrently with aCSF1R. 200 ug
aLy6G was administered 1d prior to RT and 100 pug administered every 3-4d thereafter for a total of 7 injections.
250 pg of aIFNARI mAb was given 5d prior to RT and was given every 5d thereafter for a total of 4 doses.

Vaccination studies were performed by i.v. injection of 10’ AActA-Ova Listeria monocytogenes, followed
by a boost 21 or 28 days later. 5d post-boost, mice were euthanized, and spleens were collected and prepared
as described below for flow cytometry. For cytokine analyses, 10° splenocytes were plated and stimulated with
2 mM SL8 peptides in the presence of brefeldin A for 4 h and stored overnight at 4° C before staining and data
acquisition.

Method details. Bone marrow-derived macrophages. Bone marrow-derived macrophages (BMM®s) were
generated from bone marrow isolated from femurs and tibias of MyD88%! or Lyz2-Cre/MyD88% mice. Marrow
was cultured in RPMI 1640 supplemented with 10% FBS, 10 mM HEPES, 1 x non-essential amino acid, 110 pg/
mL sodium pyruvate, 100 U/mL penicillin, 100 pg/mL streptomycin, 55 uM B-mercaptoethanol, and 20 ng/mL
recombinant murine CSF-1 (PeproTech or Invitrogen), and media was replaced every 3-4 days. On day 6-7,
BMM®s were stimulated with 100 ng/mL LPS for 24 h before supernatant was collected and cytokines were
analyzed by ProcartaPlex (ThermoFisher Scientific) according to the manufacturer’s instructions.

Flow cytometry. Single cell suspensions were prepared from tumors, spleens, or blood. Tumors were manu-
ally minced using scissors, followed by a 45-min enzymatic digestion in HBSS supplemented with 250 U/mL
collagenase IV (Worthington) and 30 U/mL DNasel (Roche), 5 mM CaCl,, and 5% FBS at 37° C with constant
agitation. Spleens were prepared by passing through a 70 um nylon mesh strainers. Erythrocytes in spleens and
blood were lysed using ACK lysing buffer (Gibco) according to the manufacturer’s instructions.

To prevent non-specific binding, cells were incubated for 30 min at 4° C with rat anti-mouse CD16/CD32
(1:500, BD Biosciences) in PBS containing Live/Dead Aqua stain (1:1000, Invitrogen) to stain for viable cells.
Subsequently, cells were incubated in PBS containing 2 mM EDTA and 2% BSA for 30 min with 100 pL of fluo-
rophore conjugated anti-mouse antibodies; CD45 (30-F11, BD Biosciences), CD3 (17A2, eBioscience) , CD8a
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(53-6.7, eBioscience), CD4 (RM5-5, eBioscience), CD11b (M1/70, BioLegend), CD11c (N418, BioLegend), Ly6G
(1A8, BioLegend), Ly6C (HK1.4, BioLegend), F4/80 (BM8, BioLegend), NK1.1 (PK136, BioLegend), MHCII
(M5/114.15.2, BioLegend), CD19 (6D5, BioLegend), CD44 (IM7, BioLegend), CD62L (MEL-14, eBioscience),
KLRGI (2F1, eBioscience), CD127 (SB/199, BD Pharmingen), IFNy (XMGl1.2, eBioscience), TNFa (MP6-XT22,
eBioscience), IL-2 (JES6-5H4, eBioscience), SIYRYYGL pentamer (1803, Proimmune), and SIINFEKL tetramer
(NIH Tetramer Core Facility at Emory University). Cells were then washed in PBS/EDTA/FBS, followed by a
15-min incubation in Fixation buffer or instead in Fix/Perm buffer for intracellular cytokine staining (ICS).
For ICS studies, antibodies were diluted in PBS/EDTA/FBS containing permeabilization buffer and incubated
for 30 min at 4° C. After a final wash, cells were resuspended in PBS/EDTA/BSA, and stored at 4° C until data
acquisition on a BDLSRII using FACSDiva software (BD Biosciences)®!. Analysis was performed using FlowJo
software (Tree Star Inc.)®.

Nanostring.  10-20 mg of snap frozen tumors were crushed on liquid nitrogen and RNA was extracted using
the RNeasy Micro Kit (QIAGEN) according to the manufacturer’s instructions. Samples were then hybridized
with NanoString pan-cancer immune profiling probes for 16 h and were subsequently loaded into an nCoun-
ter FLEX cartridge. Raw data were normalized utilizing default settings. Fold changes in gene expression were
exported to Ingenuity Pathway Analysis (QLTAGEN)®¢ for further analysis. Data were deposited to the NCBI GEO
under accession number GSE176014.

Single cell RNA sequencing.  Single cell suspensions from PK5L1940 tumors 3d post-RT (16 Gy) were prepared
as described above. Immune cells from single cell suspensions were positively selected using anti-mouse CD45
MicroBeads (Miltenyi Biotec). Cells were then incubated in PBS containing Live/Dead Aqua as described above,
before a secondary incubation with CD45. Live CD45" cells were sorted using a BD FACSAria. Cells were pro-
cessed according to the manufacturers protocol for the Chromium Single Cell 3’ Reagent kit (v3.0) from 10X
Genomics. Libraries were sequenced using an Illumina NovaSeq 6000 using a NovaSeq 6000 S2 reagent kit
(v1.0). Data were processed using the Cell Ranger pipeline (v3.1) and subsequently analyzed with the Loupe
Browser from 10X Genomics (v5.0)*”. Using the Loupe Browser differentially expressed genes between groups
were considered significant if the gene expression fold change was> 1.5 and the Benjamini-Hochberg adjusted p
value was < 0.1. Volcano plots were generated using the EnhancedVolcano package (v1.7.16) in R (v4.0.2). Addi-
tional analyses were performed with Ingenuity Pathway Analysis (IPA) software from Qiagen (v01-19-00)% using
default settings for Core Analysis, with expression of Lyz2, and the sex-specific genes Ddx3y and Xist excluded
from downstream analyses. Data were deposited to the NCBI GEO under accession number GSE176011.

Raw human scRNA seq data were acquired from GSE212966. Data were processed using the latest stable
Cell Ranger pipeline (v7.1) and subsequently analyzed with the Loupe Browser from 10X Genomics (v6.4.1)¥.
Relative gene expression was assessed on PTPRC* (CD45*) immune cells in PDAC samples only, with all non-
immune cells excluded from analysis.

Quantification and statistical analysis. ~ Statistical analyses were performed using Prism 6% for Mac. Data points
represent biological replicates and are represented as mean +/— SEM unless otherwise indicated. Specific tests
included unpaired two-tailed t test, one-way ANOVA, and log-rank. In instances where multiple comparisons
were performed, Tukey correction was used, unless otherwise specified. Specific tests are identified in the respec-
tive figures. p values <0.05 were considered statistically significant, with * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001, unless otherwise indicated in the figure. Heat maps were generated using ClustVis (https://biit.cs.ut.
ee/clustvis/), with rows centered and unit variance scaling applied to rows. Both rows and columns were clus-
tered using Euclidean distance and average linkage. Volcano plots were generated using the EnhancedVolcano
package (v1.7.16) in R (v4.0.2). Additional upstream molecule pathway analysis was performed with Ingenuity
Pathway Analysis (IPA) software from Qiagen (v01-19-00)% using default settings for Core Analysis.
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