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ABSTRACT
Background Cancer immunotherapies are generally 
effective in patients whose tumors contain a priori 
primed T- cells reactive to tumor antigens (TA). One 
approach to prime TA- reactive T- cells is to administer 
immunostimulatory molecules, cells, or pathogens directly 
to the tumor site, that is, in situ vaccination (ISV). We 
recently described an ISV using Flt3L to expand and recruit 
dendritic cells (DC), radiotherapy to load DC with TA, and 
pattern recognition receptor agonists (PRRa) to activate 
TA- loaded DC. While ISV trials using synthetic PRRa have 
yielded systemic tumor regressions, the optimal method to 
activate DCs is unknown.
Methods To discover optimal DC activators and increase 
access to clinical grade reagents, we assessed whether 
viral or bacterial components found in common pathogen 
vaccines are an effective source of natural PRRa 
(naPRRa). Using deep profiling (155- metric) of naPRRa 
immunomodulatory effects and gene editing of specific 
PRR, we defined specific signatures and molecular 
mechanisms by which naPRRa potentiate T- cell priming.
Results We observed that vaccine naPRRa can be even 
more potent in activating Flt3L- expanded murine and 
human DCs than synthetic PRRa, promoting cross- priming 
of TA- reactive T- cells. We developed a mechanistically 
diverse naPRRa combination (BCG, PedvaxHIB, Rabies) 
and noted more potent T- cell cross- priming than with 
any single naPRRa. The naPRRa triplet—as part of Flt3L- 
primed ISV—induced greater intratumoral CD8 T- cell 
infiltration, T- cells reactive to a newly defined tumorous 
neoantigen, durable tumor regressions.
Conclusions This work provides rationale for the 
translation of pathogen vaccines as FDA- approved clinical- 
grade DC activators which could be exploited as immune- 
stimulants for early phase trials.

INTRODUCTION
Most cancer immunotherapies depend on 
the induction of primed CD8 T- cells recog-
nizing tumor antigens (TA) presented on 
major histocompatability complex I (MHC- I) 
(‘signal 1’). TA may be directly presented by 
tumor cells, providing signal 1 in isolation, 
which can be more tolerogenic than immuno-
genic. Alternatively, TA can be cross- presented 

by antigen presenting cells (APC), providing 
signal 1 in the context of signal 2 (eg, CD80) 
and signal 3 (eg, IL- 12). Immunothera-
pies, including checkpoint blockade, T- cell 
transfer, and vaccines, fail completely in the 
absence of cross- presenting dendritic cells 
(DC).1–5 Conversely, increasing intratumoral 
DC potentiates cross- presentation to anti-
tumor T- cells and clinical responses.6 Optimal 
antitumor T- cell responses require that DC 
are mobilized, loaded with TA, and activated.

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Priming tumor- specific T- cells through vaccination 
can be an effective method to drive a robust anti-
tumor immune response. Strategies such as in situ 
vaccination (ISV) rely on antigen presenting cells, in-
cluding dendritic cells (DCs), which are loaded with 
tumor antigens and activated using pattern recogni-
tion receptor agonists (PRRa).

WHAT THIS STUDY ADDS
 ⇒ Although vaccination using synthetic PRRa have 
yielded tumor regressions, the optimal method to 
activate DCs is unknown, and the limited availability 
of demonstrably safe clinical- grade PRRa hinders 
clinical progress. To address these challenges, we 
investigated whether common pathogen vaccines 
(M- M- R, Typhim Vi, etc) could serve as natural PRRa 
(naPRRa) to mediate DC activation. We found that 
several naPRRa potently activate DCs and enhance 
tumor antigen cross- presentation vs synthetic PRRa. 
When used as part of a Flt3L- primed ISV, we demon-
strate that naPRRa promote intratumoral CD8 T- cell 
infiltration, prime tumor- neoantigen- specific T- cells, 
and induce durable tumor regressions.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Our study demonstrates that pathogen vaccines are 
effective DC activators and provides rationale for 
their translation as clinical- grade reagents, available 
for immediate use in early phase trials.
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Critical questions include how best to load DC with TA 
and how best to activate TA- loaded DC. One approach to DC 
loading is to define neoantigen TA by individualized tumor 
exome and RNA sequencing, in silico prediction, peptide 
synthesis, and administration. Such neoantigen vaccines have 
induced neoantigen- reactive T- cells in early trials; however, 
this approach is time and resource intensive. Time to treat-
ment is an important limitation; months of vaccine prepa-
ration may preclude this approach for aggressive tumors. 
Similarly, resource intensity is an important limitation, as 
cancer immunotherapy has not equally benefited all patients; 
cohort studies of more than 50 000 patients demonstrate that 
underinsured status and socioeconomic metrics correlate 
with access to immunotherapies.7 8

An alternative, less time and resource- intensive approach, 
is to load DC at the site of a patient’s tumor. This ‘off- the- shelf’ 
in situ vaccination (ISV)6 9 approach can mobilize, load, and 
activate DC intratumorally; activated DC then cross- prime 
tumor- reactive CD8 T- cells. Previously, we described an ISV 
comprising Flt3- ligand (Flt3L) to mobilize DC, radiotherapy 
(XRT) to release TA and load DC, and intratumoral (i.t.) 
administration of a pattern- recognition- receptor agonist 
(PRRa) to activate antigen- loaded DC.6 While trials of ISV 
using synthetic PRRa have yielded tumor regressions,6 10–13 
the optimal approach to activate DC is unknown, and the 
limited availability of safe, clinical grade PRRa impedes clin-
ical progress. Because synthetic PRRa are designed to mimic 
pathogen associated molecular patterns, common pathogen 
vaccines (eg, Typhim Vi, M- M- R, BCG) may be a robust 
source of natural PRRa (naPRRa).14

Although there are some examples of naPRRa- mediated 
antitumor immunity,15 16 little is known regarding using 
pathogen vaccines to activate DC for cancer vaccination.17 
An exception is BCG, which induces inflammation and local 
tumor regressions in early stage bladder cancer, though the 
molecular and cellular mechanisms are poorly understood.18 
Here, we present the most extensive immune profiling of 19 
commonly available pathogen vaccines performed to date. 
Using murine and patient- derived DC, we demonstrate that 
pathogen vaccines contain naPRRa which can be more potent 
than synthetic PRRa in activating DC and cross- priming 
cytotoxic CD8 T- cells. Using knockout mouse- derived and 
CRISPR- cas9 gene edited APC, we define specific molecular 
mechanisms of naPRRa in pathogen vaccines. Combining 
mechanistically distinct naPRRa, we create a rational triplet 
combination which induces greater- than- additive T- cell cross- 
priming and—as part of ISV—induces durable tumor regres-
sions. We identified novel tumor neoantigen candidates and 
demonstrate that naPRRa- ISV induces neoantigen- reactive 
T- cells, accomplishing a similar result to personalized neoan-
tigen vaccines with an off- the- shelf approach.

RESULTS
Pathogen vaccines function as naPRRa to activate patient and 
murine DCs
As noted, there is a major interest in developing effec-
tive approaches for ISV, which would overcome the need 

for sequencing patient tumors to create patient- specific 
antigen vaccines. We previously demonstrated that 
synthetic PRRa potentiate cross- presentation and systemic 
tumor regressions in patients and murine models as part 
of a Flt3L- mobilized ISV.6 Therefore, we hypothesized 
that Flt3L- mobilized APC subsets may also be responsive 
to naPRRa present in pathogen vaccines and assessed 
this using peripheral blood mononuclear cells (PBMC) 
from Flt3L- treated patients. Employing 22- metric spec-
tral flow cytometry, we identified nine distinct immune 
cell populations, including four DC subsets, per viSNE 
clustering (figure 1A, left panel). Pathogen vaccines (eg, 
PedvaxHIB, BCG, Typhim) induced activation of innate 
immune cell subsets, including monocytes, plasmacytoid 
DC (pDC) and conventional DC (cDC) subsets, that is, 
CD141+ DC1, CD1c+ DC2, and double- negative DC (DN 
DC), upregulating costimulatory (CD40, CD80, CD86) 
and inhibitory (PD- L1) molecules (figure 1A, middle 
panel, online supplemental figure S1a). Activation was 
most dynamic in cDC subsets (figure 1A, middle and 
right panels) and significant versus no PRRa for 8 of 19 
vaccines tested.

Next, we examined naPRRa effects on murine APCs 
using splenocytes from Flt3L- treated mice. Using 27- metric 
spectral flow cytometry, we again identified nine distinct 
cell populations (figure 1B, left panel) and assessed acti-
vation status following exposure to the 19 vaccines. The 
cDC cluster containing XCR1+ DC1, CD11b+ DC2, and 
DN DC responded dynamically to naPRRa, expressing 
greater levels of costimulatory markers both at baseline 
and after naPRRa activation as compared with other 
APC subsets (figure 1B, middle panel, figure 1C, online 
supplemental figure S1b). DC activation was significant 
versus no PRRa for 10 of the 19 vaccines (6 overlapping 
with human DC) and notably, several (BCG, PedvaxHIB, 
Rabies) were more potent (p<0.05) DC activators than 
the synthetic PRRa PolyIC (figure 1B, right panel).

As previously, DC were enriched in Flt3L- primed mice 
(figure 1D, online supplemental figure S1c).6 Again, 
naPRRa potently activated DC, even more so than 
PolyIC (p<0.05), both in Flt3L- primed and untreated 
mice (online supplemental figure S1d). All DC subsets 
upregulated costimulatory molecules with some naPRRa 
(online supplemental figure S1e). pDC were activated by 
several naPRRa, most potently by BCG, Rabies vaccine, 
and PedvaxHIB (online supplemental figure S1e). Inter-
estingly, Rabies, Measles- Mumps- Rubella (MMR), and 
varicella zoster vaccines (VZV) potently activated macro-
phages, despite lesser effects on cDC (online supple-
mental figure S1b). These data suggest that, rather than 
one ‘best’ naPRRa, individual APC subsets are differen-
tially activated by distinct naPRRa. Though DC may be 
critical for antitumor immunity, the heterogeneity of 
tumor immune cell infiltrates19 20 suggests that targeting 
multiple APC subsets might optimally modulate the 
suppressive tumor microenvironment (TME).

In addition to costimulatory molecules (signal 2), 
cytokines produced by APCs are critical in T- cell priming 
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Figure 1 Pathogen vaccines can function as naPRRa to activate both murine and human DCs. Patient PBMCs or murine 
splenocytes were activated with naPRRa and analyzed by spectral flow cytometry. (A) Immune cell populations in PBMCs 
from two patients visualized by viSNE (left). Representative viSNE plots show indicated activation marker expression (middle), 
and bar graph (right) quantifies mean fluorescence intensity (MFI) fold changes of indicated activation marker expression in 
the aggregate cDC cluster (DN DC, DC1, DC2). Statistical significance was calculated against No PRRa condition by two- way 
ANOVA with Dunnett’s multiple comparison test. (B) Representative viSNE plots showing murine splenocyte subsets (left) 
indicated activation marker expression (middle) and bar graph (right) of mean MFI fold changes of activation marker expression 
in the aggregate cDC cluster (DN DC, DC1, DC2). Statistical significance was calculated comparing against No PRRa by 
two- way ANOVA with Dunnett’s multiple comparison test; data from three independent experiments. (C) Representative 
cytomountain plots comparing cDC and B cell costimulatory marker expression in response to naPRRa. (D) Representative 
cytomountain plots depicting activation of in vivo Flt3L- generated DCs by the naPRRa BCG. (E) Heatmap summarizing CD11c+ 
DC cytokine production and type I interferon response after naPRRa stimulation, as measured by multiplex bead assay and 
qPCR, respectively. DC cytokines that did not change from baseline on stimulation are not shown. ANOVA, analysis of variance; 
DC, dendritic cells; DN, double- negative; PRRa, pattern recognition receptor agonists.
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(signal 3). To assess this, we treated Flt3L- primed sple-
nocytes with naPPRa, measuring cytokines and type I 
IFN inducible transcripts by Luminex and qPCR, respec-
tively. We observed dynamic cytokine production upon 
naPRRa treatment (figure 1E), even from naPRRa that 
induced no cDC phenotypic activation. For example, 
MMR did not induce CD40/80/86, but promoted a 
type I interferon response and IL- 6 production (~9.6- 
fold increase). Only the Hepatitis A (Havrix) vaccine 
appeared inert, suggesting that most pathogen vaccines 
do contain naPRRa. Some naPRRa appeared more 
potent than synthetic PRRa in pathways critical for T- cell 
cytotoxicity,2 21 for example, IL- 12p70 was induced by 
BCG but not by PolyIC. Although BCG and PedvaxHIB 
were the most potent cytokine- inducers, there was 
no single best inducer of all cytokines. Rabies vaccine 
uniquely induced IL- 1β, a potent activator of macro-
phages, whereas MMR uniquely induced CXCL10, a crit-
ical chemokine in recruiting intratumoral natural killer 
(NK) and CD8 T- cells.4 22–25 Several naPRRa induced 
the CCR5 ligands CCL3/CCL4/CCL5 which recruit 
disparate antitumoral effector cells to the TME.26 27 
Distinct naPRRa induced type I interferon signaling, 
which promotes DC function and T- cell priming against 
TA.28 29 For example, Rabies and BCG induced sevenfold 
and threefold more IRF7, and sevenfold more ISG1530 31 
than PolyIC (figure 1E). The distinct cytokine profiles 
induced by individual naPRRa suggest that rational 
naPRRa combinations may yield non- obvious, greater- 
than- additive immunomodulation.

naPRRa-activated DC prime patient CD8 and CD4 T-cells
To assess the capacity of patient DCs to activate T- cells, 
we developed an assay using staphylococcus entero-
toxin B (SEB) (figure 2A), cross- linking MHC on APCs 
with the T- cell receptor (TCR) on T- cells, as a surrogate 
for antigen- specific MHC/TCR interactions.32 Herein, 
SEB- mediated T- cell activation is potentiated by APC 
costimulatory signals including CD80 and CD86.32 33 We 
cultured PBMCs from Flt3L- treated patients with SEB 
and confirmed that SEB promotes cytokine production 
in both CD4 and CD8 T- cells (online supplemental figure 
S2a).

We observed that 10 of the 19 naPRRa enhanced CD8 
or CD4 T- cell priming over the no PRRa condition, 
evidenced by increased cytokine production (figure 2B), 
including 3 naPRRa that did not induce phenotypic 
cDC activation (Zostavax, Pneumovax23, and Pentacel). 
Of these 10, several were more potent than PolyIC 
(figure 2B). Notably, Prevnar13 and Pneumovax23 
potentiated patient T- cell priming despite lack of effects 
in murine DCs (figure 1B), suggesting species- specific 
effects, possibly due to differences in PRR repertoire 
among immune cell subsets.34 Overall, these data demon-
strate that naPRRa can enhance APC- mediated priming 
of patient T- cells, and that several are more effective than 
the commonly used synthetic PRRa PolyIC.

naPRRa-activated DC cross-prime antigen-specific CD8 
T-cells
Our observations of DC activation suggest that naPRRa 
may potentiate antigen cross- presentation. To assess DC 
cross- presentation, splenocytes from Flt3L- treated mice 
were pulsed with ovalbumin (Ova), naPRRa- activated, 
and cocultured with OT- 1 CD8 T- cells. Minimal cross- 
priming of OT- 1 cells occurred without PRRa, per IFNγ 
production (online supplemental figure S3a), prolifera-
tion (online supplemental figure S3b), and CD69 expres-
sion (online supplemental figure S3c) versus no- antigen 
controls, indicating cross- presentation of Ova257- 264 SIIN-
FEKL peptide. However, DCs stimulated with five of 
the naPRRa markedly potentiated OT- 1 cross- priming, 
with several as or more effective than PolyIC; PedvaxHIB 
induced twice as much IFNγ production as PolyIC 
(p<0.0001) (online supplemental figure S3a). Different 
naPRRa were superior in potentiating different cross- 
priming metrics, suggesting that assessing more metrics 
might better depict naPRRa immunomodulatory effects.

naPRRa-activated DCs cross-prime cytotoxic CD8 T-cells 
against TA
Whereas soluble antigens, for example, Ova are captured 
by DCs through macropinocytosis,35 dying cancer cells 
are instead cleared primarily through phagocytic recep-
tors.36–38 To study this more relevant biology, we devel-
oped a system to model DC uptake of tumor cell antigen. 
Using CRISPR- Cas9 gene editing, we generated GFP- A20 
lymphoma cells lacking beta 2 microglobulin (B2m). 
Co- culturing irradiated (irr) B2m-/- GFP- A20, DC, and 
anti- GFP CD8 T- cells,39 we assessed DC capacity to 
cross- present tumor derived GFP (figure 2C), as B2m-/-

GFP- A20 cannot directly present antigen. DCs cocultured 
with irr- B2m-/-A20 (lacking GFP) fail to induce anti- GFP 
CD8 T- cell proliferation, regardless of PRRa activation 
(online supplemental figure S4a). When cocultured 
with irr- B2m-/- GFP- A20 however, DCs induce moderate, 
antigen- restricted, anti- GFP T- cell proliferation, which 
is potentiated by DC activation with the synthetic PRRa 
PolyIC, and significantly more so with BCG- activated DCs.

We observed that naPRRa- activated DC cross- prime 
anti- GFP CD8 T- cells to induce IFNγ and TNF (figure 2D), 
key mediators of the T- cell antitumor response. DCs acti-
vated with BCG induced a more potent TNF response 
than synthetic PRRa PolyIC (p=0.0002) and DC activation 
with several naPRRa candidates, including BCG, Typhim, 
Rabies, MMR, and PedvaxHIB, cross primed anti- GFP 
CD8 T- cells to proliferate to similar or greater levels than 
that seen with synthetic PRRa PolyIC (figure 2E). Notably, 
~60% of CD8 T- cells in JEDI mice are GFP- specific,39 
therefore most Ag- specific T- cells are cross- primed by 
naPRRa- activated DC.

To assess cytotoxicity of anti- GFP CD8 T- cells cross- 
primed by naPRRa- activated DC, the former were 
cocultured with 50:50 mixtures of B2m- expressing GFP- 
A20 (target) cells and mCherry- A20 cells (figure 2C) 
using the resulting GFP:mCherry ratio as cytotoxicity 
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Figure 2 naPRRa- activated DC effectively prime and cross- prime T- cells. (A) Schema of SEB assay. PBMCs from four Flt3L- 
treated patients were treated with naPRRa and SEB. T- cell activation was measured by flow cytometry. (B) Representative 
scatter plots and bar graph summarizing CD8 and CD4 T- cell IFN-γ and TNF production in response to SEB+naPRRa. 
Statistical significance was calculated against ‘No PRRa’ condition by two- way ANOVA with Tukey’s multiple comparisons 
test. (C) Schema of the cross- presentation assay. DCs were cocultured with XRT B2m-/-GFP- A20, activated with naPRRa, 
and used to cross- prime anti- GFP CD8 T- cells. CD8 T- cell activation was measured as (D) production of IFN-γ and TNF 
and (E) proliferation. (F) After 96 hours of cross- priming, GFP/mCherry- A20 cells were added to assess anti- GFP CD8 T- cell 
cytotoxicity. Representative scatter plots and bar graph showing normalized GFP/mCherry ratio after 24 hours coculture with 
anti- GFP CD8 T- cells. Decreasing ratio indicates loss of GFP- A20, mediated by cytotoxic anti- GFP CD8 T- cells. Statistical 
significance was calculated by two- way ANOVA (D) or one- way ANOVA (E,F) with Dunnett’s multiple comparison test, 
comparing to the ‘No PRRa’ condition. ANOVA, analysis of variance; DC, dendritic cells; PRRa, pattern recognition receptor 
agonists; SEB, staphylococcus enterotoxin B.
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metric, as described.6 40 41 Naïve anti- GFP CD8 T- cells 
displayed minimal cytotoxicity; however, cross- primed 
T- cells reduced GFP:mCherry ratios from ~1 to ~0.6 
(figure 2F). Activating DCs with PRRa further potenti-
ates cross- primed T- cell cytotoxicity. T- cells cross- primed 
by BCG- activated DC reduced GFP:mCherry ratios to 
0.06, significantly lower than PolyIC (p=0.0005). Interest-
ingly, some naPRRa which induced T- cell cytokines (eg, 
influenza) failed to induce cytotoxicity; conversely other 
naPRRa which induce cytotoxicity (eg, MMR) did not 
induce cytokines. These results demonstrate that naPRRa 
can activate DCs to cross- present tumor- derived antigen to 
CD8 T- cells, but also suggest that no single metric predicts 
optimal naPRRa- potentiation of cross- priming.

Immune-metric dimensionality reduction reveals unique 
activation profiles of naPRRa
Functional naPRRa show unique profiles: some naPRRa 
induce highly activated cDC phenotypes (eg, BCG, 
PedvaxHIB), while others induce type I IFN stimulated 
genes (eg, Rabies). Differences in naPRRa profiles suggest 
that individual naPRRa may act via distinct mechanisms. 
The DC- assays (figure 1) are more straightforward than 
the multicell culture T- cell assays (figure 2) and more 
feasible for additional human studies, whereby autolo-
gous T- cell cross- priming is difficult to assess. If simpler 
DC assays could predict results of T- cell cross- priming, this 
would improve understanding of DC- T- cell interactions 
and facilitate clinical translation.

Compiling datasets generated in figure 1, we identi-
fied 155 unique parameters, including costimulatory 
marker expression of multiple immune cell subsets, cyto-
kine production, and naPRRa- induced type I interferon 
response. Dimensionality reduction by principal compo-
nent analysis (PCA) was performed on this 155- metric 
dataset (figure 3A and online supplemental figure S5a,b). 
naPRRa that failed to induce T- cell cytotoxicity mainly 
cluster together (red ellipse region), segregating from 
naPRRa that promoted T- cell cytotoxicity (blue ellipse). 
Interestingly, effective naPRRa seem to additionally segre-
gate from each other. Rabies and MMR naPRRa, viral 
vaccines that potently induce T- cell cytotoxicity, segre-
gate by PC2, while BCG strongly segregates by PC1. This 
suggests that effective naPRRa may differ mechanistically, 
activating DC by distinct pathways.

naPRRa function through TRIF and MyD88
To assess whether naPRRa activate different PRRs, we 
first assessed PRRa- mediated DC activation in spleno-
cytes from Flt3L- treated TRIF-/- and MyD88-/- mice. We 
observed that several naPRRa function through TRIF- 
and/or MyD88- mediated mechanisms (figure 3B). 
Activation with Rabies, MMR, and Zostavax naPRRa is 
diminished in MyD88-/- DCs whereas activation with 
BCG, PedvaxHIB, and Typhim naPRRa is diminished in 
both TRIF-/- and MyD88-/- DCs. These results indicate 
that several vaccine naPRRa require TRIF—suggesting 
toll- like receptor (TLR) 3 or TLR4 signaling—and/or 

MyD88—suggesting other TLR signaling—to activate 
DC. Some naPRRa (eg, MMR) maintain partial signaling 
despite absence of Myd88 or TRIF suggesting alternate 
signaling mechanisms.

TLR-/- RAW macrophages reveal specific TLR mechanism of 
several naPRRa
Identifying naPRRa with non- overlapping mechanisms 
may yield greater- than- additive effects when combined, 
generating optimal DC activation. Specific PRR utilization 
by most approved vaccines is unknown.14 We gene- edited 
individual TLR from RAW macrophages, generating 
TLR-/- cell lines for TLR2-/-, TLR4-/-, TLR7-/-, and TLR9-/- 
(online supplemental figure S5c) and evaluated naPRRa 
activation of TLR-/- RAW cells (figure 3C). TLR2-/- macro-
phages were unable to respond to BCG (figure 3D), 
indicating BCG predominantly functions through TLR2 
here. Typhim showed complete loss of activity in TLR4-

/- macrophages, similar to LPS (figure 3E). PedvaxHIB- 
effects were diminished in TLR4-/- cells. None of the 
naPRRa appeared to signal through TLR7 or TLR9 
(online supplemental figure S5d,e).

For the TLR identifiable naPRRa—BCG, Typhim, and 
PedvaxHIB—we assessed whether naPRRa APC- activation 
was necessary for T- cell priming and cross- priming. WT 
or TLR-/- RAW cells were cocultured with GFP- peptide, 
activated with PRRa, and cultured with anti- GFP CD8 
T- cells (figure 3C). BCG- activated TLR2-/- macrophages 
lost ability to prime T- cells (figure 3F). Similar results 
were observed with Typhim and TLR4-/- RAW cells. 
Interestingly, while macrophage phenotypic activation 
by PedvaxHIB was only reduced in the TLR4-/- setting, 
PedvaxHIB lost T- cell priming using both TLR4-/- and 
TLR2-/- cells, suggesting greater discovery power with 
these T- cell assays. Further, cross- presentation of B2m-/-

GFP- A20- derived GFP by BCG- activated macrophages was 
TLR2- dependent and by Typhim- activated macrophages 
was TLR4- dependent (figure 3G). As above, PedvaxHIB- 
potentiated cross- priming was both TLR2- dependent and 
TLR4- dependent. These results indicate that individual 
naPRRa promote APC activation through distinct TLR, 
yielding differential priming and cross- priming of CD8 
T- cells.

Feature selection and dimensionality reduction identify a 
predictive model for naPRRa efficacy
Distinct naPRRa mechanisms led us to look for common 
features between effective naPRRa. Starting with our 
155 phenotypic- marker dataset, feature selection deter-
mined those that correlate with naPRRa killing score 
by Spearman correlation (adjusted p<0.01). Forty- three 
phenotypic markers that correlated with DC priming of 
cytotoxic T- cells were identified (online supplemental 
figure S6a). PCA was performed on these 43 markers 
to reduce noise and generate more robust clustering. 
In this simplified PCA, effective naPRRa clearly segre-
gate from ineffective naPRRa by PC1, with Zostavax as 
a single (PC1high but Killing Scorelow) outlier (figure 4A 

https://dx.doi.org/10.1136/jitc-2023-007198
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Figure 3 Individual naPRRa possess unique activation profiles and function through distinct immunological mechanisms. 
(A) PCA was performed with 155 phenotypic markers on murine immune cells activated with naPRRa as loading variables. 
Graph of PC1 and PC2 is shown. naPRRa are shaded based on potency of cytotoxic T- cell response (Killing Score). Ellipses 
are drawn representing naPRRa that induce significantly stronger T- cell cytotoxicity than the No PRRa condition (blue) versus 
naPRRa that are not superior in cytotoxic T- cell induction compared with the No PRRa condition. (B) DC activation assay 
using TRIF-/- and MyD88-/- mice. MyD88-/- DCs become less activated with Rabies, Zostavax, and MRR. BCG, Typhim, and 
PedvaxHIB- mediated activation is suppressed in both TRIF-/- and MyD88-/- DCs. N=3 mice for each genotype. Statistical 
significance was calculated by two- way ANOVA with Dunnett’s multiple comparison test, comparing to wild type (WT) 
DCs. (c) Schema of the TLR-/- RAW cell activation and cross- priming assays. WT and TLR-/- RAW cells were activated with 
vaccine naPRRa, and flow cytometry was used to compare CD40 upregulation in WT vs TLR2-/- (D) and TLR4-/- (E). Statistical 
significance was calculated by t test. (F,G) TLR-/- RAW cells were cocultured with GFP peptide or XRT B2m-/- GFP- A20 to 
acquire antigen, activated with naPRRa, then cocultured with purified anti- GFP CD8 T- cells. Priming and cross- priming was 
measured as CD8 T- cell activation by flow cytometry. Representative scatter plots showing that naPRRa promote anti- GFP CD8 
T- cell peptide antigen priming (F) or cross- priming with tumor- derived antigen (G) by targeting TLR2 and TLR4 on RAW cells. 
Statistical significance was calculated by t test. ANOVA, analysis of variance; DC, dendritic cells; PCA, principal component 
analysis; PRRa, pattern recognition receptor agonists.
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Figure 4 Rational naPRRa combinations are superior to single agent vaccines in vivo and partially dependent on Batf3 DC. 
(A) PCA was performed using only phenotypic markers that significantly correlated with T- cell cytotoxicity identified in online 
supplemental figure 6a. (B,C) Cross- presentation assay was performed, comparing the B/P/R combination versus individual 
naPRRa and synthetic PRRa. Statistical significance was calculated by one- way ANOVA with Dunnett’s multiple comparison 
test. (d) Schema of murine preclinical lymphoma ISV model. GFP- A20 lymphoma- bearing mice were treated intratumorally 
with Flt3L. Tumors were then locally XRT, and naPRRa or saline was injected intratumorally. Mice were monitored for tumor 
growth (E) and survival (F). Data pooled from three independent experiments, n=20–25 mice per group. Statistical significance 
was calculated by two- way ANOVA with Tukey’s multiple comparison test. (G,H) Murine preclinical lymphoma ISV model was 
performed with WT vs Batf3-/- mice. Animals were monitored for tumor growth (G) and survival (H). Statistical significance was 
calculated by two- way ANOVA with Tukey’s multiple comparison test. Data pooled from two independent experiments, n=10–20 
mice per group. ANOVA, analysis of variance; DC, dendritic cells; ISV, in situ vaccination; PCA, principal component analysis; 
PRRa, pattern recognition receptor agonists.

https://dx.doi.org/10.1136/jitc-2023-007198
https://dx.doi.org/10.1136/jitc-2023-007198


9Aleynick M, et al. J Immunother Cancer 2023;11:e007198. doi:10.1136/jitc-2023-007198

Open access

and online supplemental figure S6b,c). An equation 
was generated whereby the 43 markers are projected to 
a lower dimensionality space by PCA to predict cytotox-
icity by placement on PC1 (online supplemental figure 
S6d). The cut- off for efficacy was set at the Pneumovax23 
naPRRa; those to the right of Pneumovax23 on PC1 are 
predicted to be effective in activating DC to cross- prime 
CD8 T- cells in our system.

The mechanistically diverse triplet B/P/R is superior to 
individual naPRRa
We hypothesized that combining mechanistically distinct 
naPRRa would ligate diverse PRRs and optimally acti-
vate APC to potentiate T- cell priming. We resolved three 
distinct clusters from the PCA (figure 4A), consisting 
of: 1) viral- cluster, segregated as PC1mid/PC2high e.g. 
MMR, Rabies, and Zostavax, 2) TRIF- cluster, segregated 
as PC1mid/PC2mid for example, Typhim, PedvaxHIB (as 
well as PolyIC and LPS), and 3) BCG- cluster, segregated as 
PC1high/PC2low. We chose one from each cluster, selecting 
naPRRa that induce a unique profile of activation 
markers. Rabies was chosen from the viral cluster, as it 
was the most potent in promoting T- cell cytotoxicity after 
BCG. From the TRIF cluster, PedvaxHIB was chosen as 
it was the most potent activator of murine DC after BCG 
(and the most potent activator of human DC).

We first assessed the combination of BCG, PedvaxHIB, 
and Rabies (B/P/R) effects on DC cross- presentation in 
vitro. Here (and in subsequent in vivo assays), B/P/R 
was administered as one- third dose of each of the vaccines 
versus one full dose of single vaccines. B/P/R effec-
tively promoted cross- priming, inducing greater CD8 
T- cell proliferation than any individual naPRRa or PolyIC 
(figure 4B). Additionally, B/P/R- activated DC cross- 
prime more potent cytotoxic T- cells than most naPRRa or 
PolyIC (figure 4C). Using an ISV model similar to that in 
clinical trials (NCT01976585, NCT03789097), we assessed 
the antitumor efficacy of Flt3L, XRT, and naPRRa in vivo 
(figure 4D). The B/P/R combination was compared with 
individual BCG, given its in vitro potency and clinical use 
in bladder cancer and other tumors.42 43 While BCG- ISV 
yielded improved tumor control compared with Flt3L 
and XRT alone, B/P/R- ISV was superior to BCG- ISV in 
inducing tumor regressions (figure 4E) and prolonging 
survival (figure 4F). We additionally assessed the naPR-
Ra- ISV in the radiotherapy- resistant 4T1 breast cancer 
model44 and observed that B/P/R- ISV significantly inhib-
ited 4T1 tumor growth in vivo (online supplemental 
figure S7a,b).

A consideration for naPRRa clinical translation is that 
patients may have previously received these vaccines 
and have pre- existing adaptive immunity against compo-
nents therein. To model potential effects of this, mice 
were administered B/P/R twice prior to tumor inocu-
lation, as described previously45 46 and ISV was subse-
quently performed (online supplemental figure S7c). We 
found that prior B/P/R exposure potentiated antitumor 
effects of naPRRa- ISV, inhibiting tumor growth (online 

supplemental figure S7d). These results suggest that 
naPRRa- ISV may be facilitated by adaptive responses to 
B/P/R antigens, for example, Ag85- specific47 T- cell acti-
vation at the ISV site driving secretion of chemokines or 
cytokines which facilitate antitumor T- cell recruitment or 
priming.

Lymphoma tumor control mediated by naPRRa-ISV is partially 
dependent on Batf3 DC
As BCG, PedvaxHIB, and Rabies activate multiple APC 
subsets in vitro, we hypothesized that the same may occur 
in vivo and assessed if B/P/R- ISV antitumor immunity 
could be generated in the absence of Batf3 DCs. GFP- 
A20- bearing Batf3-/- and WT mice were treated with ISV 
with B/P/R or without PRRa. As previously, B/P/R- ISV 
markedly inhibited tumor growth and prolonged survival 
in WT mice compared with ISV without PRRa (Flt3L/
XRT) (figure 4G,H). However, while tumor control by 
B/P/R- ISV decreased in Batf3-/- mice, it was still more 
effective than the no PRRa cohort (figure 4G, dashed 
green vs black curves). These results suggest that—in 
contrast to our previously described PolyIC- ISV6—naPR-
Ra- ISV is only partly Batf3 cDC1- dependent, suggesting 
that it may mediate antitumor effects via additional mech-
anisms, possibly through BCG, PedvaxHIB, and Rabies 
naPRRa- mediated activation of additional DC subsets as 
previously demonstrated in vitro (figure 1).

B/P/R-ISV is superior to BCG-ISV in recruitment and priming 
of TA-specific T-cells
To better understand B/P/R- ISV immunomodulatory 
effects, we examined T- cells in tumors and tumor draining 
lymph nodes (TdLN) of treated mice (figure 5A). Fluo-
rescence microscopy revealed that while BCG- ISV did 
increase CD8 T- cell infiltration, treatment with B/P/R- ISV 
induced significantly greater CD8 T- cell recruitment to 
tumor sites (figure 5B,C). In TdLN, sites of T- cell cross- 
priming,3 48 GFP- specific CD8 T effector memory (CD44hi 
CD62Llow) cells (TEM) were more abundant in B/P/R- ISV 
treated than in BCG- ISV treated mice (figure 5D). CD8 
TEM in TdLN of B/P/R- ISV treated animals were more 
activated and proliferative, per expression of CD25, PD- 1, 
and Ki67 (figure 5E). Intratumoral CD8 TEM of B/P/R- ISV 
mice showed enhanced production of the critical effector 
molecules IFNγ and granzyme B (figure 5F). Together, 
these results indicate that ISV therapy with the B/P/R 
combination is superior in promoting T- cell mediated 
adaptive antitumor immunity versus single agent BCG.

B/P/R- ISV primes neoantigen-specific CD8 T-cells in vivo
Observing that ISV therapy with the naPRRa B/P/R combi-
nation potently primes model- antigen (GFP)- specific 
CD8 T- cells in vivo, we asked whether this approach could 
prime neoantigen specific T- cells. Whole exome and 
RNA sequencing of A20 cells was performed followed by 
MHC- affinity prediction and synthesis of 82 candidate 
neoantigen peptides, using described pipelines.49 For 
each candidate, peptide- pulsed DC were cocultured with 

https://dx.doi.org/10.1136/jitc-2023-007198
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tumor and TdLN cells from B/P/R- ISV treated mice to 
assess T- cell neoantigen- reactivity (figure 5G). Memory 
(CD44hi) CD8 T- cells reacted specifically to a 9- mer 
peptide for mutated LRRK1 (figure 5H), a gene impli-
cated in B- cell proliferation.50 This result illustrates that 
using commonly available off- the- shelf pathogen vaccines, 
B/P/R- ISV effectively primes neoantigen- specific CD8 
T- cells in vivo, accomplishing the same result while saving 

critical time and resources compared with personalized 
vaccine- production strategies.

DISCUSSION
Herein, we report the most extensive immune profiling 
of pathogen vaccines performed to date and evidence 
in multiple murine and human systems to support 

Figure 5 B/P/R- ISV is superior to ISV with single agent BCG naPRRa, promoting priming and recruitment of TA- specific T- 
cells. (A) Schema of murine preclinical lymphoma ISV model for ex vivo analysis. GFP- A20 lymphoma tumors were inoculated 
in the right flank, and tumor- bearing mice were treated intratumorally with Flt3L. Tumors were then locally irradiated (XRT), and 
B/P/R or saline was injected intratumorally. Mice were sacrificed on day 11 post- ISV and tumors and TdLN were harvested. 
(B,C) Tumors were used for analysis by fluorescence microscopy, images were analyzed and CD8 pixel intensity quantified 
using Fiji ImageJ software. (D–F) Tumors and TdLN were processed and analyzed by spectral flow cytometry. Statistical 
significance was calculated by t test. n=4–5 mice per group. (G) Schema of murine preclinical lymphoma ISV model for ex vivo 
T- cell neoantigen reactivity analysis. Tumor and TdLN cell suspensions isolated from tumor- bearing naPRRa- ISV treated animals 
were cocultured with mutant Lrrk1 peptide- pulsed DCs. T- cells were analyzed by flow cytometry after 24 hours. (H) Contour and 
before- after plots showing IFN-γ production by CD44+ PD1+ CD8+ T- cells. Statistical significance was calculated by t test. n=6 
mice. DC, dendritic cells; ISV, in situ vaccination.
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repurposing these as immunotherapeutic adjuvants. 
Previous studies using influenza vaccine as an adjuvant 
suggested possible DC activation.16 A seminal study of in 
vitro generated monocyte- derived DCs (moDC) observed 
activation by pathogen vaccines,17 though recent data 
demonstrate disparities between moDC and cDC1,51 
the latter being critical for cross- priming of TA- specific 
T- cells.2 3 6 48 Here, we show that naPRRa differentially 
activate multiple APC subsets including DC, and the first 
data explicitly assessing TA cross- presentation.16 17 52 The 
naPRRa contained in BCG, Rabies, MMR, Typhim, and 
PedvaxHIB promote DC cross- presentation and cross- 
prime CD8 T- cells, some more so than synthetic TLRa for 
example, PolyIC.

Interrogating naPRRa mechanisms revealed unique 
profiles of naPRRa and specific TLRs and pathways 
engaged. While TLR engagement has been described 
for BCG and PedvaxHIB, specific PRR are unknown for 
other vaccines.14 Components of BCG can activate TLR2/
TLR4,53 TLR9,54 NLR NOD2,55 and some BCG- induced 
immune effects are MyD88- dependent,56 supporting our 
findings that BCG uses both TRIF and MyD88- dependent 
pathways, but predominantly TLR2. PedvaxHIB contains 
H. influenzae b capsular polysaccharides bound to Nisseria 
outer membrane porin complex (OMPC) which include 
TLR2- activating porin proteins.57 However, our observa-
tions that PedvaxHIB activates TRIF and TLR4 pathways 
are novel. We identify MyD88 dependence for three viral 
vaccines: MMR, Rabies, and Zostavax. Although measles 
virus is known to activate TLR2, the attenuated strain in 
MMR vaccine cannot.58 Similarly, TLR7 activation has 
been described for Rabies virus,59 suggesting that this 
vaccine may ligate TLR7, explaining MyD88- dependence. 
VZV activates human pDCs by both TLR9- dependent 
and TLR9- independent mechanisms60 aligning with 
our observed MyD88- dependence of Zostavax. TLR4- 
signaling and Myd88- signaling have been described for 
Salmonella Typhi61 and Vi capsular polysaccharides.62 
Although Typhim Vi vaccine signaling mechanisms were 
unknown,17 we demonstrate its dependence on both 
MyD88 and TRIF as well as TLR4. While we were able 
to identify specific PRR mechanisms for some naPRRa, 
we cannot rule out that vaccine naPRRa may function 
through PRR mechanisms beyond TLRs. Further mecha-
nistic studies are needed to determine if vaccine naPRRa 
activate STING, NLR, RLR, or additional pathways.

Using PCA, we identified 43 ‘simple’ DC activation 
metrics (figure 1) that correlate with tumor cell killing 
in the complex T- cell killing assay (figure 2); these easily 
assessable metrics could be superior screening tools 
to better identify DC activators versus common metrics 
such as CD40/80/86 which would incorrectly predict that 
Zostavax might effectively activate DC to cross- prime CD8 
T- cells and that MMR would not (figure 1B, figure 2F). 
Our agnostic approach identified unexpected cross- 
priming correlates, for example, lymphocytes/macro-
phage activation (online supplemental figure S6a) 
suggesting that, rather than targeting cDC1 exclusively, 

increasing crosstalk of multiple immune cell types, for 
example, macrophage activation with MMR (online 
supplemental figure S1b) and pDC activation with Rabies 
vaccines (online supplemental figure S1e), may lead 
to optimal cDC1- mediated cross- priming of antitumor 
T- cells.

Combining mechanistically distinct naPRRa yielded 
greater- than- additive cross- priming. This is consistent with 
studies showing that TRIF- activation, MyD88- activation, 
and multi- TLR- activation improve antipathogen63 64 and 
antitumor65 66 immunity, although caution is need when 
interpreting the direct link between molecular mecha-
nism and immune effects as individual naPRRa contain 
unique concentrations of pathogen features. We identify 
that the BCG- PedvaxHIB- Rabies combination induces 
superior CD8 T- cell cross- priming than PolyIC, a gold- 
standard cDC1- activator (figure 4B,C) and functions 
in an ISV similar to that in early trials (NCT01976585, 
NCT03789097). B/P/R- ISV increases cure rates vs higher 
doses of single naPRRa (figure 4E,F) and induces tumor 
regressions in a breast cancer model (online supple-
mental figure S7a,b), although further studies are needed 
to confirm superiority of B/P/R versus other single agent 
or naPRRa combinations both in murine and human 
systems. In contrast to synthetic PRRa, patients likely have 
pre- existing adaptive immunity to naPRRa components, 
which might potentiate efficacy, as shown with reactiva-
tion of intratumoral virus- specific T- cells after viral ‘vacci-
nation’67 and potentiation of BCG anticancer effects after 
pre- exposure.68 Likewise, we observed that B/P/R pre- 
exposure improves tumor regressions after B/P/R- ISV 
(online supplemental figure S7c,d).

These data are proof of concept that naPRRa within 
pathogen vaccines activate subsets of murine and human 
APCs, including cDC1, inducing cross- priming of anti-
tumor CD8 T- cells. Advantages of naPRRa include their 
regulatory- approval status, allowing for rapid translation 
and use as highly accessible immunomodulators for ISV 
or other immunotherapies. The ISV approach primes 
neoantigen- specific T- cells in vivo, without need for DNA/
RNA sequencing, neoantigen identification, and peptide 
production—shortening time to therapy and reducing 
resource restrictions of personalized cancer vaccines.

MATERIALS AND METHODS
Ethical Compliance
Protocols for the treatment of patients, collection of 
human samples, and analysis were approved by the 
Mount Sinai Institutional Review Board under GCO- 
13–1347. In accordance with the Declaration of Helsinki, 
written informed consent was obtained from patients. 
Experiments were performed in compliance with rele-
vant ethical regulations.

Animal use
All experiments were approved by the Institutional 
Animal Care and Use Committee of the Icahn School of 
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Medicine under protocol 2017–0146. Balb/c, C57BL/6, 
and Balb/c- Batf3-/- were purchased from the Jackson 
Laboratory and housed at the Icahn School of Medi-
cine Animal Facility. C57BL/6 OT- I mice were a gift 
from Miriam Merad (Mount Sinai). JEDI mice39 were 
provided by Brian D. Brown (Mount Sinai) and back-
crossed on the Balb/c background for eight generations. 
C57BL/6- MyD88-/- mice were a gift from Huabao Xiong 
(Mount Sinai), and C57BL/6- TRIF-/- mice were provided 
by Adrian Ting (Mayo Clinic).

Patient DC activation and SEB assays
Pre- Flt3L- treatment and post- Flt3L- treatment PBMCs 
from four patients enrolled in ISV clinical trial 
NCT03789097 were isolated by density gradient centrif-
ugation (Ficoll Paque Plus, GE Healthcare). Patient 
Flt3L treatment consisted of nine daily intratumoral 
injections of 25 µg/kg rhuFLT3L/CDX- 301. For DC acti-
vation, PBMCs were plated (5×106 cells/mL) in 96- well 
U- bottom plates with 5 ug/mL synthetic TLRa or 5% v/v 
naPRRa for 24 hours, activation was assessed by spectral 
flow cytometry (Cytek Aurora). For simplicity and due to 
their proprietary nature, we did not attempt to normalize 
for naPRRa concentration and formulation differences 
across pathogen vaccines and used each at 5% v/v, as 
this concentration did not affect cell viability for most 
naPRRa, except the Rotavirus vaccine which was used at 
1%.

Alternatively, PBMCs were stained with CellTrace Violet 
and 5×10⁵ cells were plated in 96- well U- bottom plates, 
with Staphylococcal enterotoxin B (SEB) at a concentra-
tion of 40 ng/mL, along with synthetic TLRa or naPRRa. 
After 72 hours, T- cells were analyzed by flow cytometry 
(Attune NxT).

In vitro murine DC activation assays
Splenocytes from Flt3L treated mice were plated at 
1×106 cells/mL and activated for 24 hours with 5 ug/mL 
of synthetic TLRa or 5% v/v naPRRa (1% for Rotavirus).

JEDI cross-presentation assay
B2m-/-A20 or B2m-/-GFP- A20 were resuspended 
(1×106 cells/mL), irradiated (30 Gy), and cultured for 
24 hours in deep 96- well assay block plates (Corning) with 
synthetic TLRa or naPRRa. Flt3L splenocytes from Balb/c 
mice (1×106 cells/mL) were then added to the XRT A20 
1:1 overnight. After an additional 24 hours activation 
step with synthetic TLRa or naPRRa, CellTrace Violet- 
stained JEDI splenocytes (containing anti- GFP CD45.1+ 
CD8+ T- cells) were added to the cocultures at 1:10 
Flt3L- splenocytes:Jedi- splenocytes. After 72 or 96 hours, 
anti- GFP CD8+ T- cell activation and proliferation was 
assessed by flow cytometry. Alternatively after 96 hours, 
150 uL of the A20- Flt3L- splenocyte- Jedi- splenocyte cell 
suspension was transferred to 96- well U- bottom plates 
and 100 uL of GFP- A20 and mCherry- A20 (5×104 cells/
mL each, 50:50 GFP:mCherry- A20) was added. Tumor 

cell killing by anti- GFP CD8+ T- cells was assessed by flow 
cytometry after 24 hours.

In vivo tumor induction and ISV
2.5×106 GFP- A20 cells were injected in HBSS subcuta-
neously on the flank. The GFP- A20 cell line used for all 
in vivo experiments had undergone five iterations of in 
vivo selection to prevent rejection by naturally occurring 
anti- GFP T- cells. Tumor size was determined by caliper 
measurements (length×width×height). On day 9 after 
tumor inoculation, mice were injected with recombinant 
human Flt3L (30 µg; Celldex) intratumorally for nine 
daily injections. Mice were then stratified by tumor size 
and assigned to treatment groups; mice bearing tumors 
>500 mm3 were excluded. Tumors were locally irradiated 
with 1 dose of 9 Gy at 2.88 Gy/min (RS 2000 X- ray irra-
diator, Rad Source), followed by five daily intratumoral 
injections of naPRRa or HBSS. Experiments with 4T1 
followed a similar protocol with the following modifica-
tions: 5×105 4T1 cells were injected subcutaneously. Nine 
daily Flt3L injections were started on day 7 after tumor 
inoculation. On days 16 and 17, tumors were irradiated 
locally with two doses of 12 Gy, as previously described.44

Statistics
GraphPad Prism 9 software and R were used to generate 
graphs and perform statistical analyses. All bar graphs 
are displayed as mean with SEM. Statistical significance 
was calculated using t test, one- way analysis of variance 
(ANOVA), or two- way ANOVA with multiple comparisons 
tests, as indicated in figure legends. P>0.05 were consid-
ered non- significant; *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001.

See online supplemental methods for more details.
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