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SUMMARY

Systemic administration of interleukin (IL)-12 induces potent anti-tumor immune responses in preclinical
cancer models through the systemic activation of effector immune cells and release of proinflammatory
cytokines. IL-12-loaded PLGA nanospheres (IL12ns) are hypothesized to improve therapeutic efficacy
and thwart unwanted side effects observed in previous human clinical trials. Through the investigation of
peripheral blood and local tissue immune responses in healthy BALB/c mice, the immune-protective phar-
macodynamics of IL12nswere suggested.Nanospheres increasedpro-inflammatoryplasma cytokines/che-
mokines (IFN-g, IL-6, TNF-a, and CXCL10) without inducing maladaptive transcriptomic signatures in
circulating peripheral immune cells. Gene expression profiling revealed activation of pro-inflammatory
signaling pathways in systemic tissues, the likely source of these effector cytokines. These data support
that nanosphere pharmacodynamics, including shielding IL-12 from circulating immune cells, depositing
peripherally in systemic immune tissues, and then slowly eluting bioactive cytokine, thereafter, are essen-
tial to safe immunostimulatory therapy.

INTRODUCTION

While the immune surveillance and cancer immunoediting theories are well understood phenomena,1 their impact on the development of

immunotherapies has been limited. The cornerstone of these theories is that an immunosurveillance-like state must be maximized to over-

come the constitutive immunosuppression seen in cancer patients. In essence, immunotherapies would then promote the elimination of

tumor cells through enhanced effector immune responses driven by overcoming this unbalanced cancer-immune cell equilibrium.2–4 Tar-

geted immunotherapeutic treatments have been proposed to avoid immunologic toxicity (immunotoxicity) while maintaining therapeutic

efficacy. Unfortunately, pleiomorphic tumors are often capable of downregulating the presentation of the associated target antigens. These

tumor-immune escape mechanisms thereby limit effective immune responses and overall efficacy.5,6 Even if these immunosuppressive inter-

actions are blocked, the immune system often requires an additional stimulus to create the pro-inflammatory and supra-normal immune

response required for tumor cell cytotoxicity. Systemic administration of interleukin (IL)-12 has been proposed to induce these desired

anti-tumor immune responses.7–9

IL-12 is an immunostimulatory cytokine with a well-documented history of anti-tumor activity in preclinical cancerous models.7–15 This pro-

inflammatory cytokine is a key regulator of cell-mediated immune responses and is produced endogenously by dendritic cells, monocytes,

and M1-like macrophages.16 Binding of IL-12 to its type 1 cytokine surface receptor17 influences cellular differentiation of T helper cells into a

Th1 phenotype. These cells can then coordinate adaptive antitumor immunity through further activation of cytotoxic T cells, Natural Killer (NK)

cells, and pro-inflammatory M1-like macrophages, resulting in the downstream release of interferons (IFNs) such as IFN-y.18 IL-12 mediated

increases in both CXCL9-10 are associated with its strong anti-angiogenic properties and proposed ability to reduce cancer metastasis.19

Importantly, preclinical studies have consistently suggested that IL-12’s antitumor effects are most evident when given systemically as
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opposed to locally via intratumoral delivery. This finding is particularly due to the observed increases in systemic immune cell activation, pro-

duction of proinflammatory, effector cytokines, and indirect inhibition of pro-tumoral angiogenesis.20

While these initial preclinical data were promising, clinical trials using intravenous (i.v.) recombinant human IL-12 (rhIL-12) concluded that

bolus IL-12 injection exhibited limited therapeutic efficacy.21,22 This limited efficacy was associated with signs of clinical toxicity including lym-

phopenia and elevated liver enzymes. Signs of immunotoxicity, evidenced by the reduction in serum IFN-g levels with continued treatment,

were also evident.21,23–27 Importantly, dosing strategies for cytokine-based immunotherapies developed in the late 1990s were influenced by

approaches deployed for cytotoxic chemotherapy at this time. While still vitally important to monitor for signs of clinical toxicity during treat-

ment, a maximal tolerable dosing (MTD) strategy likely does not translate to treatment with immunotherapies.28

While supranormal doses of IL-12 greater than natural, endogenous levels are arguably necessary for anti-tumor efficacy, strategies to both

reduce the required loading dose andmonitor the immune-related changes associated with immunostimulatory therapies are critical for their

clinical efficacy. To address these barriers, we successfully developed IL-12-loaded PLGA nanospheres (IL12ns) that release their contents

systemically in a slow and controlled manner.29–31 A previously published in vivo assessment of single-dose IL12ns treatment revealed that

nanospheres may not produce the exhaustive cytokinome associated with previous clinical trial failures.31 This work was then followed by

extensive in vitro efforts to improve nanosphere encapsulation efficiency and fabrication yields via a modified sonication-based synthesis

approach. The newly synthesized nanospheres were then validated to elute bioactive IL-12 through an ex vivo immunostimulatory assay.

Here, results suggested no difference in ED50 of eluted IL-12 (from nanospheres) versus stock, unencapsulated IL-12 controls, supporting

no change in protein bioactivity with the improved fabrication process. Subsequently, a trial investigating weekly IL12ns treatment in our mu-

rine model of metastatic osteosarcoma depicted the greatest reduction in disease progression (metastatic and/or recurrent disease) with the

lowest dose tested, supporting in vivo therapeutic efficacy.30 These data ultimately suggest that our platform successfully delivers an effective

dose of proinflammatory IL-12 to shift the immune equilibrium toward an effector surveillance state, preventing metastatic and recurrent

disease progression, as previously suggested.20

Ultimately, undesirable toxicity and suboptimal clinical efficacy in previous clinical trials were likely related to inappropriate MTD strate-

gies, route of delivery, and lack of real-time immune monitoring. To achieve effective outcomes with immunostimulatory therapy, there must

be a paradigm shift from ‘‘tolerable’’ dosing strategies toward ‘‘optimal biologic dosing’’. This next-generation dosing strategy will require

development of adequate immune diagnostic platforms (IDPs). These IDPs must be capable of monitoring therapeutic response through

repeated blood sampling and biomarker identification over the course of therapy. Biomarkers would then become the basis of patient-spe-

cific dose modulation.28

The purpose of this study was to assess the toxicity of the IL12ns vector system in healthy BALB/c mice through repeated blood

sampling and organ histological analysis. Both systemic and tissue-resident immune responses to IL12ns therapy, delivered at three

doses (10, 0.1, and 0.001 mg), were compared to a daily MTD strategy (10,000 ng/kg/day – positive control) and saline (negative) con-

trol. Systemic immunophenotyping with the IDP occurred at designated serial blood sampling timepoints (T) including baseline (T1),

12-h (T2), day 4 (T3), day 8 (T4), day 11 (T5), day 15 (T6), and day 18 (T7). This analysis was followed by both traditional histopathological

analysis and targeted gene-expression profiling of euthanasia-harvested tissues (Figure 1). We hypothesized that bolus MTD strategy

would recapitulate the immunological findings from previous clinical trials.23 As opposed to the aberrant peripheral immune overstim-

ulation seen in the MTD cohort, IL12ns was hypothesized to limit peripheral blood pro-inflammatory signaling by shielding IL-12 from

peripheral immune cells. Through near immediate tissue deposition of the vector system, IL12ns would then drive local inflammatory

responses within tissues. These pro-inflammatory responses would be measured as increases in tissue-related cytokines and chemo-

kines alongside minimal peripheral immune cell activation. The combination of proteomic, transcriptomic, and histopathological

assessments would support the necessity of the IL12ns vector system for safe immunostimulatory therapy while further characterizing

nanosphere pharmacodynamics.

RESULTS

IL12ns synthesis and characterization

Scanning electron microscopy (SEM) confirmed successful synthesis of IL12ns by the double-emulsion solvent evaporation (DESE) method

with modification30 (Figure S1A). IL12ns elution studies confirmed the release of recombinant murine IL-12 over a 14-day period with minimal

elution profile variability, as evidenced by an average standard error of the mean per day (expressed as %) of 8.10% (Figure S1B). IL12ns

batches also exhibited consistent and reproducible concentrations (38.08G 2.97 mg/mL), yields (152.30G 11.86 mg/mL), and encapsulation

efficiencies (EE, 35.47G 4.79%) (n = 6) (Figure S1C). Dynamic light scattering (DLS) analysis reported a mean diameter of 632.53G 65.16 nm

and polydispersity index (PDI) of 0.641G 0.038 (n = 4) (Figure S1D). Based upon in vitro elution studies, the 10, 0.1, and 0.001mg IL12ns doses

delivered approximately 1600, 16, and 0.16 ng/kg of recombinant murine IL-12 per day, respectively.

Spectral flow cytometric analysis of peripheral blood mononuclear cells (PBMCs)

Peripheral blood sampling occurred at designated timepoints (T) including baseline (T1), 12-h (T2), day 4 (T3), day 8 (T4), day 11 (T5), day 15

(T6), and day 18 (T7). Flow cytometric analysis at each timepoint (T), expressed as a percent (%) of all live cells, revealed remarkable immu-

nological differences between experimental groups for both the neutrophil (Figures 1C–1I) and polymorphonuclear (PMN)-myeloid derived

suppressor cell (MDSC) populations (Figures 1J–1P). The immunophenotypic markers or genes of interest, and their associated descriptors,

identified throughout this manuscript can be found in Table 1. In males, there were significant increases (p < 0.0001) in the % neutrophils for
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the 10mg IL12ns group versus all other experimental groups at T4 and T6, with similar trends also persisting at T2. This elevation in neutrophils

for the 10 mg IL12ns group increased over time, with the largest % neutrophils evident at T6 (57.7% higher than saline control, 40.5% higher

than MTD). This finding was also evident within female mice, particularly at IL12ns-dosing timepoints T4 and T6. Trending increases in % neu-

trophils for the MTD group compared to saline control were also evident at timepoints T2 and T3 (Figure 1C). Importantly, the increases in %

neutrophils are only associated with IL12ns dosing timepoints (T2, T4, and T6) and appear transient in nature, as levels quickly return to near

baseline thereafter (T3, T5, and T7). Resultingly, further immunophenotypic characterization of neutrophils from both dosing strategies (MTD,

IL12ns) is required to infer their overall immunologic implications.

Figure 1. Overview of experimental design

Flow cytometric analysis revealed modulation of myeloid-lineage immune cells with IL-12 treatment.

(A) The resulting systemic immune response from various IL-12 treatment strategies in healthy 7–8-week male/female BALB/c mice was analyzed via seven serial

blood sampling timepoints. Timepoints included baseline (T1), 12-h (T2), day 4 (T3), day 8 (T4), day 11 (T5), day 15 (T6), and day 18 (T7), at which time mice were

humanely euthanized for full necropsy following cardiac puncture. Experimental mice received either weekly (IL12ns) or daily (MTD) injections at indicated

timepoints. At day 18 (T7, euthanasia), peripheral blood was collected via cardiac puncture. This was followed by necropsy to harvest heart, liver, spleen,

lungs, and kidneys for histopathological analysis. NanoString nCounter analysis with a custom pro-inflammatory panel was also performed on RNA isolated

from the formalin-fixed, paraffin embedded liver, spleen, and lung specimens.

(B) At each sampling timepoint, peripheral blood was collected via cheek bleed (�80 mL) for analysis via an immune diagnostic platform (IDP) consisting of PBMC

spectral flow cytometric analysis, plasma cytokine/chemokine analysis, and bulk PBMC RNA-sequencing [Figure by BioRender.com].

(C–P) PBMCs isolated into single cell suspension at serial blood sampling timepoints [baseline (T1), 12-h (T2), day 4 (T3, n = 7 for saline male), day 8 (T4, n = 7 for

salinemale), day 11 (T5, n = 7 for salinemale and 10mg female), day 15 (T6, n = 7 for salinemale and 10mg female), and day 18 (T7, n = 7 for salinemale and 10mg

female)] were analyzed by spectral flow cytometry using the appended gating strategy (Figure S7). Neutrophils (C) were analyzed for expression of iNOS (D),

Arg-1 (E), PD-L1 (F), CD66b (G), CD80 (H), and MHC-II (I). Polymorphonuclear myeloid derived suppressor cells (PMN-MDSC) (J) were also analyzed for

expression of iNOS (K), Arg-1 (L), PD-L1 (M), CD66b (N), CD80 (O), and MHC-II (P) (male mice – left, female mice – right). Each data point represents the

average percent (%) of all (live) cells for each cellular population. Unless indicated above, an n = 8 mice per group per sex were included in the analysis.

Where visible, error bars represent standard error of the mean (SE). For visual clarity, findings from statistical analyses can be found in File S1. The x axis

represents the timepoint of blood collection while the y axis indicates the % of all (live) cells.
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Table 1. List of immunophenotypic markers or gene IDs, alternative names, and their descriptions

Marker/Gene ID Description

Abcb11 ATP-binding cassette, sub-family B (MDR/TAP), member 11

Abcb4 ATP-binding cassette, sub-family B (MDR/TAP), member 4

Abcc2 ATP-binding cassette, sub-family C (CFTR/MRP), member 2

Abcc3 ATP-binding cassette, sub-family C (CFTR/MRP), member 3

Alas1 50-aminolevulinate synthase 1

Anxa2 Annexin A2

Apex1 APEX nuclease (multifunctional DNA repair enzyme) 1

Arg-1 (Arg1) Arginase 1

B2M Beta-2-microglobulin

Btg2 BTG family, member 2

Casp3 Caspase 3, apoptosis-related cysteine peptidase

CCL2 (MCP-1) C-C motif chemokine ligand 2 (Monocyte Chemoattractant Protein-1)

CCL3 (MIP-1a) C-C motif chemokine ligand 3 (Macrophage Inflammatory Protein-1 Alpha)

CCL4 (MIP-1b) C-C motif chemokine ligand 4 (Macrophage Inflammatory Protein-1 Beta)

CCL5 (RANTES) C-C Motif Chemokine Ligand 5

Ccng1 Cyclin G1

CCR2 (CD192) C-C Motif Chemokine Receptor 2

CCR5 (CD195) Chemokine (C-C Motif) Receptor 5

CD119 (IFNGR1) Interferon gamma receptor 1

CD11b (Itgam) Integrin subunit alpha M

CD11c (Itgax) Integrin subunit alpha X

CD127 (IL-7Ra) Interleukin 7 receptor alpha

CD132 (IL2RG) Interleukin-2 receptor subunit gamma

CD152 (CTLA-4) Cytotoxic T-lymphocyte-associated protein 4

CD159a (NKG2A) NK group 2, member A

CD183 (CXCR3) C-X-C motif chemokine receptor 3

CD19 B-Lymphocyte Surface Antigen B4

CD223 (LAG3) Lymphocyte-activation gene 3

CD226 (DNAM-1) DNAX Accessory Molecule-1

CD25 (IL2Ra) Interleukin-2 receptor alpha chain

CD274 (PD-L1) Programmed death-ligand 1

CD279 (PD-1) Programmed cell death protein 1

CD335 (NKp46 or Ncr1) Natural cytotoxicity triggering receptor 1

Cd36 CD36 molecule (thrombospondin receptor)

CD4 Cluster of differentiation 4

CD66b (CEACAM8) Carcinoembryonic antigen-related cell adhesion molecule 8

CD69 Cluster of Differentiation 69

CD80 (B7-1) Cluster of Differentiation 80 (B7, type I)

CD86 (B7-2) Cluster of Differentiation 86 (B7, type 2)

CD8a Cluster of Differentiation 8a

Cdkn1a Cyclin-dependent kinase inhibitor 1A (p21, Cip1)

Csf1 (M-CSF) Colony Stimulating Factor 1 (Macrophage Colony Stimulating Factor)

CXCL10 (IP10) C-X-C motif chemokine ligand 10 (Interferon gamma-induced protein 10)

CXCL2 (MIP-2a) C-X-C motif chemokine ligand 2 (Macrophage Inflammatory Protein 2-Alpha)

CXCL9 (MIG) C-X-C motif chemokine ligand 9 (Monokine induced by gamma interferon)

(Continued on next page)
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Table 1. Continued

Marker/Gene ID Description

Cyp1a2 Cytochrome P450, family 1, subfamily A, polypeptide 2

Cyp1b1 Cytochrome P450, family 1, subfamily B, polypeptide 1

Eef1g Eukaryotic translation elongation factor 1 gamma

Fasn Fatty acid synthase

Fcer2a (CD23) Fc Epsilon Receptor II

Fcgr1 High affinity immunoglobulin gamma Fc receptor I

Fmo1 Flavin containing monooxygenase 1

FoxP3 Forkhead box P3

Fpr1 Formyl peptide receptor 1

G6pd Glucose-6-phosphate dehydrogenase

Gadd45a Growth arrest and DNA-damage-inducible, alpha

Gapdh Glyceraldehyde-3-phosphate dehydrogenase

GBP2 Interferon-induced guanylate-binding protein 2

GBP3 Interferon-induced guanylate-binding protein 3

GBP4 Interferon-induced guanylate-binding protein 4

GBP5 Interferon-induced guanylate-binding protein 5

GBP6 Interferon-induced guanylate-binding protein 6

GBP7 Interferon-induced guanylate-binding protein 7

Gclc Glutamate-cysteine ligase, catalytic subunit

GM-CSF Granulocyte-macrophage colony-stimulating factor

Gpx1 Glutathione peroxidase 1

Gsr Glutathione reductase

Havcr2 (Tim-3) Hepatitis A Virus Cellular Receptor 2 (T cell Immunoglobulin Mucin Domain 3)

Hmox1 Heme oxygenase 1

Hprt Hypoxanthine phosphoribosyltransferase 1

Icam1 Intercellular adhesion molecule 1

Icam1 (CD54) Intercellular Adhesion Molecule 1

IFN-a Interferon alpha

IFN-g (Ifng) Interferon gamma

IL-10 (Il10) Interleukin 10

IL-4 Interleukin 4

IL-6 (Il6) Interleukin 6

Il12rb1 Interleukin 12 receptor subunit beta 1

Il12rb2 Interleukin 12 receptor subunit beta 2

IL18 Interleukin 18

Il1b Interleukin 1 Beta

Il1r2 (CD121b) Interleukin 1 Receptor Type 2

Il1rn Interleukin 1 Receptor Antagonist

iNOS (Nos2) Inducible nitric oxide synthase (Nitric oxide synthase 2)

IRF1 Interferon regulatory factor 1

IRF4 Interferon regulatory factor 4

IRF7 Interferon regulatory factor 7

Jak1 Janus Kinase 1

Ki67 (Mki67) Antigen KI-67 (Marker of Proliferation Ki-67)

Lmnb1 Lamin B1

(Continued on next page)
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Neutrophils were then analyzed for expression of iNOS, Arg-1, PD-L1, CD66b, CD80, and MHC-II (Figures 1D–1I). Within males, the %

iNOS+ neutrophils were significantly increased (p < 0.0001) for the 10 mg IL12ns group over all other experimental groups at T2, T4, and

T6 (exception - T2 and T6, versus 0.1 mg IL12ns group). A significant (p < 0.0001) or trending increase in this cellular population continued

for 10 mg IL12ns over all other experimental groups at T7. This finding was also consistent within female mice, albeit only at T4 and T6 (Fig-

ure 1D). Analysis revealed a significant increase (p < 0.0001) in % Arg-1+ neutrophils for the 10 mg IL12ns group in comparison to all other

experimental groups at T2 and T4 within male mice. A similar significant increase (p < 0.001) was present in female mice, albeit only at T4

(Figure 1E). Importantly, at T3, T4, T5, and T7, there were significant increases (p < 0.0001) within the % PD-L1+ neutrophil population for

the MTD group versus all other experimental groups in males, with a significant increase also evident at T2 within females. While still signif-

icantly elevated, levels of this cellular population drop from a peak (�20% of all cells) at T2 to less than 5% of all cells at T7 (Figure 1F). Analysis

of % CD66b+ neutrophils showed no differences across experimental groups at all timepoints examined (Figure 1G). However, the % CD80+

neutrophils displayed a significant increase (p < 0.0001) in the 10 mg IL12ns group at T2 and T4, with similar findings persisting within female

Table 1. Continued

Marker/Gene ID Description

Lox-1 Lectin-Like Oxidized Low-Density Lipoprotein Receptor 1

Lpl Lipoprotein lipase

Ly6C (Ly6c1) Lymphocyte antigen 6 complex (Lymphocyte antigen 6 complex, locus C1)

Ly6G (Ly6g) Lymphocyte antigen 6 complex, locus G

MHC-II Major histocompatibility complex class II

Mt2 Metallothionein 2A

Nqo1 NAD(P)H dehydrogenase, quinone 1

Oas1 20-50-Oligoadenylate Synthetase 1A

Oas1g 20-50-Oligoadenylate Synthetase 1G

Oasl2 20-50-Oligoadenylate synthetase-like 2

Polr1b RNA polymerase I subunit B

Polr2a RNA polymerase II subunit A

Ppara Peroxisome proliferator-activated receptor alpha

Psme2 Proteasome activator subunit 2

Ptafr Platelet Activating Factor Receptor

Ptgs2 (COX-2) Prostaglandin-Endoperoxide Synthase 2 (Cyclooxygenase 2)

Rb1 Retinoblastoma 1

Rbp1 Retinol binding protein 1, cellular

Rpl19 Ribosomal protein L19

Sdha Succinate dehydrogenase complex flavoprotein subunit A

Serpine1 Serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 1

Socs1 Suppressor of cytokine signaling 1

Socs3 Suppressor of cytokine signaling 3

Srebf1 Sterol regulatory element binding transcription factor 1

Stat1 Signal transducer and activator of transcription 1

Stat2 Signal transducer and activator of transcription 2

Stat3 Signal transducer and activator of transcription 3

Stat4 Signal transducer and activator of transcription 4

Stat5a Signal transducer and activator of transcription 5A

Thrsp Thyroid Hormone Responsive

Tnf (TNF-a) Tumor necrosis factor (alpha)

Tnfrsf1a TNF Receptor Superfamily Member 1A

Tnfrsf1b TNF Receptor Superfamily Member 1B

Txnrd1 Thioredoxin reductase 1

Tyk2 Tyrosine Kinase 2

VEGF Vascular endothelial growth factor
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mice (Figure 1H). Finally, a significant (female, p < 0.0001) or trending (male) increase in % MHC-II+ neutrophils was evident for the 10 mg

IL12ns group over all other experimental groups at T5, with additional trending increases also evident at T7 for female mice (Figure 1I). Over-

all, it appears that while the MTD strategy initiates the release of dysfunctional and immunosuppressive neutrophils positive for PD-L1,32

IL12ns drives transient increases in phagocytic, inflammatory neutrophils capable of initiating pro-inflammatory immune responses.33

While there were limited effects of either IL12ns orMTDonmonocytic-like (M)-MDSCs (File S1), analysis of PMN-MDSCs revealed potential

hyper-sensitivity to the bolus MTD strategy. First, both male and female mice displayed transient changes in the overall PMN-MDSC popu-

lation across the timepoints examined (Figure 1J). However, when analyzing the PMN-MDSC population for iNOS, Arg-1, PD-L1, CD66b,

CD80, and MHC-II expression (Figures 1K–1P), distinct differences became apparent. First, a significant increase (p < 0.0001) in % iNOS+

PMN-MDSCs was evident for the MTD group over 10 mg IL12ns and 0.1 mg IL12 ns at T2 and T5, respectively. However, at T7, there were

significant increases (p < 0.0001) within the 10 mg IL12ns over 0.001 mg IL12ns, MTD, and saline control groups. A similar trend was also

evident within females, albeit with additional significant increases (p < 0.0001) in MTD versus saline control at T3 (Figure 1K). Further, while

there was a significant increase of % Arg-1+ PMN-MDSCs at T2 for the MTD group over 10 mg IL12ns, there was again an eventual shift by T7

resulting in a significant increase (p < 0.0001) of this population within the 10 mg IL12ns group over 0.001 mg IL12ns, MTD, and saline control

groups for both males and females (Figure 1L). Most importantly, there were significant increases (p < 0.0001) in % PD-L1+ PMN-MDSCs for

the MTD group versus all experimental groups from T2 through T7. Similar findings were apparent in female mice, with significant increases

(p < 0.0001) in this population evident at T3, T4, T5, and T7 for the MTD group (Figure 1M). Further, the % CD66b+ PMN-MDSCs displayed a

significant increase (p < 0.0001) within the male MTD group over 10 mg, 0.1 mg IL12ns, and saline control groups at T2, T4, and T5, with a

trending increase over 0.001 mg IL12ns evident at the same timepoints. This finding was also apparent for female mice at T2 through T5,

revealing the generation of an activated PMN-MDSC population with the MTD34 (Figure 1N). Similarly, within female mice, there was a sig-

nificant increase (p < 0.0001) in%CD80+ PMN-MDSCs for theMTDgroupwhen compared to 10, 0.1mg IL12ns as well as saline control groups

at T3 and T5. While an increase was also evident in male MTD mice, the % CD80+ PMN-MDSCs was only significantly increased for the MTD

group in comparison to 10mg IL12 ns at T4 (Figure 1O). Finally, there was a significant increase (p < 0.0001) in the%MHC-II+ PMN-MDSCs for

the MTD group at T7 in both male and female mice (Figure 1P). This expression is likely a maladaptive response to IL-12 overstimulation.35

Ultimately, theMTD strategy drives an increase in % PD-L1+, CD66b+, andMHC-II+ PMN-MDSCs. Increased antigen presentation alongside

immune checkpoint inhibitor expression on PMN-MDSCs was previously associated with T cell suppression through heightened T-cell-PMN-

MDSC interactions,35 a likely maladaptive effect of IL-12 overstimulation with the MTD strategy.

Spectral flow cytometric analysis also revealed transient differences in T-lymphocyte (CD4+ T helper, CD8+ Cytotoxic, and FoxP3+ T reg-

ulatory) populations between experimental groups. The%CD19+ B-lymphocytes experienced significant declines at T2, T4, and T6 within the

10 mg IL12ns group. Natural Killer (NK) cells experienced initial proliferation, as evidenced by increases in % Ki67+ NK cells within the MTD

group at T3. However, this proliferative capacity was not sustained, evidenced by declines in NK cells in both MTD and 10 mg IL12ns dosing

strategies over time (File S1). This early proliferation (evidenced by Ki67 positivity), followed by subsequent declines in immune cell popula-

tions (particularly NK cells), may indicate pathological overstimulation and inflammatory cell death with the MTD strategy.

Bulk PBMC RNA-seq analysis – Myeloid and lymphoid gene expression

Total RNA isolated from PBMCs was evaluated using next-generation bulk RNA-sequencing (RNA-seq). There were, on average, 24.6G 14.5

million reads per samplewith a 91.9G 0.02%mapping rate to themurinemm10 genome. Samples also displayed adequate clustering at each

timepoint by principal component analysis (PCA) (data not shown). Following the generation of reads per kilobase of transcript per million

reads mapped (RPKM) matrices, gene expression differences between experimental groups were analyzed. Our group first evaluated corre-

lating genes of the myeloid flow cytometric panel. Importantly, there was a significant increase (p < 0.01) in PD-L1 expression for the male

MTD group versus all other experimental groups at T2 (exception – 10 and 0.1 mg IL12ns), T3, T4 (exception – 10 mg IL12ns), T5, T6, and

T7. A similar trend was also apparent in female mice, with a significant increase evident for the MTD group versus all experimental groups

at T2 through T6 (Figure S2F). Overall, these data corroborated previous flow cytometric findings which indicated an increase in myeloid line-

age cells in peripheral blood with 10 mg IL12ns dosing (Itgam, Ly6g, Nos2). Evidence of IFN-g-driven peripheral immune activation with MTD

(PD-L1) was also evident (Figures S2A–S2F and File S2).

Differences within lymphoid-related gene expression, including but not limited to CD4, CD8a, Foxp3, CD19, andNcr1 (NKp46), were also

examined. These data also provided further support to the previous flow cytometric analysis which suggested that elevated IL-12 dosing

(10 mg IL12ns and MTD) had limited effect on peripheral T-lymphocyte cell populations. However, these dosing strategies were further asso-

ciated with decreases in CD19+ B-lymphocytes (mainly 10 mg IL12ns) and initial yet unstainable increases in NK cells (both 10 mg IL12ns and

MTD) (Figures S2G–S2K). Further analysis of lymphoid immune exhaustion genes includingCTLA-4, Lag3, and hepatitis A virus cellular recep-

tor 2 (Havcr2, Tim-3) revealed increased gene expression with MTD (Figures S2L–S2N and File S2). Importantly, there were significant in-

creases (p < 0.01) in Lag3 gene expression for the MTD group versus both 0.1 mg IL12ns and saline control at T3, possibly indicating early

signs of immune exhaustion. This finding was apparent, however, only trending in the female MTD group at both T2 and T3 (Figure S2M).

There were also significant (p < 0.01) or trending increases in Havcr2 expression within the MTD group at T2 (versus 10 mg IL12ns and saline),

T3 (versus 0.1 mg IL12ns and saline), and T6 (versus all other groups). This result was also observed in female MTD mice, albeit only trending

(p = 0.025) at T4 versus the 10 mg IL12ns group (Figure S2N). Overall, bulk PBMC RNA-seq analysis conveys prominent immunological

changes for the lymphoid functional markers examined and suggests the generation of a hyporesponsive immune signature in peripheral

lymphoid cells with the MTD strategy.
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Plasma proteomic analysis – Cytokines

Distinct differences in the plasma cytokines IFN-g, IL-10, IL-6, and TNF-a were also measured (Figures 2A–2D). There were significant in-

creases (p < 0.0001) in IFN-g concentration (pg/mL) for the male MTD group at T3 versus all other groups, with trending increases versus

0.1 mg, 0.001 mg IL12ns, and saline at T4. There was also a significant increase (p < 0.0001) over 0.1 and 0.001 mg IL12ns as well as saline

control groups at T6. Most importantly, the increase at T2 was not sustained, as evidenced by an over 4-fold decrease in IFN-g levels by

T7. In contrast, the 10 mg IL12ns group maintained its peak IFN-g levels with repeated dosing at IL12ns dosing timepoints T2, T4, and T6.

Interestingly, the female 10 mg IL12ns group also experienced significant (versus 0.1 mg IL12ns, p < 0.0001) or trending (versus 0.001 mg

IL12ns, p = 0.0001) increases in IFN-g levels at T2 (Figure 2A). There were no significant differences in IL-10 concentration (pg/mL) measured

amongst groups at all sampling timepoints (Figure 2B). This finding is likely related to the highly transient nature of IL-10 and difficulty quan-

tifying this cytokine within plasma/serum samples.36,37

Plasma proteomic analysis also revealed a significant increase (p < 0.0001) of IL-6 within male 10 mg IL12ns versus all other experimental

groups at T2, T4, T6, and T7 (exception – only trending increase versus 0.1 mg IL12 ns at T2 and versus saline control at T7). A similar finding

was also evident in female mice, however, the increase for the 10 mg IL12ns group at T7 was merely trending versus all other groups. Addi-

tionally, there was a significant increase (p < 0.0001) in IL-6 concentration in the female 10 mg IL12ns group when compared to all other

experimental groups at T5 (Figure 2C). Similarly, a significant increase (p < 0.0001) in TNF-a concentration was evident in the 10 mg

IL12ns group versus all other experimental groups at T2, T4, and T6, further indicating the activation of acute inflammatory responses

with 10 mg IL12ns dosing. Additional trending and significant increases for the 10 mg IL12ns and MTD groups were also measured versus

all other experimental groups at T5 (Figure 2D, File S3). This observation suggests that increased TNF-a could be, in part, associated with

large-dose IL-12 therapy.38

Plasma proteomic analysis – Chemokines

Plasma samples were also analyzed for concentration of circulating pro-inflammatory chemokines CCL2 (MCP-1), CCL3 (MIP-1a), CCL4 (MIP-

1b), CXCL9 (MIG), and CXCL10 (IP-10) (Figures 2E–2I). A significant increase (p < 0.0001) in CCL2 concentration was measured within the fe-

male 10 mg IL12ns group versus all other experimental groups at T2, T4, and T6. While not significant in males, comparable increases were

also evident (Figure 2E). Similarly, there were significant increases (p < 0.0001) in CCL3 concentration for the male 10 mg IL12ns group when

compared to all other experimental groups at T2, T4, and T6 (again, timepoints associated with IL12ns dosing). In females, a similar significant

increase (p < 0.0001) was evident at T4 and T6 (Figure 2F). Significant increases (p < 0.0001) in CCL4 concentration were also measured within

the male 10 mg IL12ns group versus all other experimental groups at T2 and T6 (exception, only trending increase versus MTD at T6). Similar

findings were again evident in female mice, albeit at T2 and T4 (Figure 2G).

Additionally, CXCL9 concentration (pg/mL) was significantly increased (p < 0.0001) for male MTD group versus all other groups from T3

through T7, with additional significant (versus 0.1 and 0.001 mg IL12ns, p < 0.0001) and trending (versus saline control, p = 0.0003) increases

evident at T2. The peak in CXCL9 at T3 was not sustained with MTD, with a near 3-fold decrease toward baseline levels by T7. These findings

were consistent in female mice and may indicate exhaustive IL-12 stimulation within peripheral blood (Figure 2H). Furthermore, significant

increases (p < 0.0001) in CXCL10 were evident in both the male MTD and 10 mg IL12ns groups versus both 0.1, 0.001 mg IL12ns and saline

control groups at T2. At T3 and T5, there was a significant increase (p < 0.0001) in CXCL10 concentration for the MTD versus all other exper-

imental groups. However, at T4 and T6, significant (p < 0.0001) or trending increases in the 10mg IL12ns group emerged.While these findings

were also demonstrated in the female groups, there remained a significant increase (p < 0.0001) in CXCL10 for theMTDgroup compared to all

other experimental groups at T7 (exception – trending increase versus 10 mg IL12ns) (Figure 2I and File S3).

Bulk PBMC RNA-seq analysis – Cytokine and chemokine gene expression

Circulating PBMCswere also analyzed for expression of the previously identified cytokine-related genes Ifng, Il10, Il6, and Tnf (Figures 2J–2M).

Within males, there was a significant (versus 10 mg IL12ns) or trending (versus saline control) increase in Ifng gene expression in the MTD

group at T3. Similarly, the female MTD group displayed a significant increase (p < 0.01) in Ifng gene expression over all other groups at

this same timepoint (Figure 2J). This result correlatedwith a significant increase (p < 0.01) in Il10 gene expression for both themale and female

MTDgroups versus all other groups at T3. This significant increase in Il10 expression was thenmaintained at T4 (trending versus 0.1mg IL12ns

Figure 2. Peripheral blood plasma and bulk PBMC RNA-seq analysis indicated differential response to IL-12 dosing strategies

(A–R) Plasma was isolated at each serial blood sampling timepoint [baseline (T1, n = 7 for MTDmale), 12-h (T2), day 4 (T3, n = 7 for 10 mg IL12ns male, MTDmale,

salinemale, 0.1mg IL12ns female), day 8 (T4, n = 7 for 0.001mg IL12nsmale, salinemale, 0.1mg IL12ns female), day 11 (T5, n = 7 for salinemale and 10mg female),

day 15 (T6, n = 7 for saline male and 10 mg female), and day 18 (T7, n = 6 for saline male, n = 7 for 10 mg female)]. Plasma cytokines including IFN-g (A), IL-10 (B),

IL-6 (C), and TNF-a (D), as well as chemokines CCL2 (MCP-1) (E), CCL3 (MIP-1a) (F), CCL4 (MIP-1b) (G), CXCL9 (MIG) (H), and CXCL10 (IP-10) (I), were quantified

(pg/mL) using the BioLegend LEGENDplex Cytokine Release Syndrome Panel (male mice – left, female mice – right). Unless indicated above, an n = 8 mice per

group per sex were included in the analysis at each timepoint. Bulk PBMC RNA-seq was also utilized to evaluate gene expression of Ifng (J), Il10 (K), Il6 (L), and Tnf

(M), Ccl2 (N), Ccl3 (O), Ccl4 (P), Cxcl9 (Q), and Cxcl10 (R) (male mice – left, female mice – right). An n = 3 mice per group per sex were included in the bulk PBMC

RNA-seq analysis at each timepoint. Where visible, error bars represent standard error of the mean (SE). For visual clarity, findings from statistical analyses can be

found in Files S2 and S3. The x axis represents the timepoint of blood collection while the y axis indicates either concentration (pg/mL) or gene expression (reads

per kilobase of exon model per million mapped - RPKM).
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and saline), T5, T6, and T7 for the male MTD group in comparison to all other groups. A similar finding was evident in females, with trending

increases in Il10 expression evident at T4 and T6 for theMTDgroup in comparison to both 0.1mg IL12ns and saline control groups (Figure 2K).

Furthermore, analysis revealed a trending increase in Il6 gene expression for theMTD group versus both the 0.1 mg IL12ns and saline control

groups at T5 in males (Figure 2L). Additionally, Tnf analysis in male mice revealed trending increases at T2 (MTD versus saline control) and T4

(10 mg versus 0.1 mg IL12ns) for both MTD and 10 mg IL12ns groups, respectively. Similar findings were evident in females, where a trending

increase in Il6 expression was evident for theMTD group in comparison to the 0.1 mg IL12ns group at T2 (Figure 2M). Importantly, these gene

expression results for both Il6 and Tnf contrast with the proteomic cytokine analysis previously highlighted.While circulating levels of both IL-6

and TNF-a are increased in the 10 mg IL12ns group, RNA isolated from PBMCs suggests minimal gene expression changes in circulating

immune cells.

Analysis of chemokine-related genes Ccl2, Ccl3, Ccl4, Cxcl9, and Cxcl10 also revealed important trends (Figures 2N–2R). Within males, a

significant increase (p < 0.01) inCcl2 gene expression was evident for the 10mg IL12ns group versus all other groups at T3. Analysis in females

revealed significant (p < 0.01, versus 10 and 0.1 mg IL12ns) or trending (versus saline control) increases in Ccl2 expression within the MTD

group at T5 (Figure 2N). Additionally, a trending decrease in Ccl3 expression was measured within the male 10 mg IL12ns group at T4 versus

saline control. Similarly, in females, there were significant (T2) or trending (T4) decreases inCcl3 gene expression for the 10mg IL12ns group in

comparison to all other groups (exception – no decrease versus 0.1mg IL12 ns at T2) (Figure 2O).While there were no differences inCcl4 gene

expression amongst all experimental groups in males, there were trending or significant (p < 0.01) increases in Ccl4 expression for the female

MTD group versus 10 mg IL12ns (T4, T6) and saline control (T3) groups (Figure 2P). Importantly, in both males and females, there was a sig-

nificant increase (p < 0.01) in Cxcl9 gene expression within the MTD group versus all other groups at T2 through T6, with a trending increase

also evident for the male MTD group at T7 (Figure 2Q). Similarly, Cxcl10 gene expression in males revealed a significant increase (p < 0.01) in

gene expression for the MTD group versus all other groups at T2 through T7. Additional significant (versus 0.1 mg IL12ns) or trending (versus

saline) increases for the 10 mg IL12ns group were evident at T3. For females, a significant increase (p < 0.01) in Cxcl10 gene expression was

also evident for the MTD group versus all other experimental groups at T2 through T6 (Figure 2R and File S2). Importantly, while CXCL10

plasma levels were indeed elevated with IL12ns treatment, those circulating immune cells ultimately lackCxcl10 gene expression. This finding

may suggest the initiation of tissue-resident pro-inflammatory signal transduction as opposed to stimulation within the peripheral blood (as

seen with the MTD strategy).

Bulk PBMC RNA-seq analysis – GSEA

A targeted gene set enrichment analysis (GSEA) was performed on the Reactome39 gene sets Interferon gamma signaling (IFNG),40 Inter-

leukin-12 signaling (IL12),41 Interleukin-10 signaling (IL10),42 and Tumor necrosis factor (TNF) signaling.43 For simplicity, this assessment

was conducted at the timepoint of maximal gene expression differences between treatment groups and saline control (T3). For both male

and female MTD groups, GSEA Reactome analysis revealed significant upregulation of the IFNG, IL12, and IL10 signaling pathways in com-

parison to matched-sex saline controls (Figure 3). While neither 10 mg or 0.1 mg IL12ns groups displayed a significant increase in IFNG, IL12,

or TNF pathways (exception – trending increase for IFNG Reactome in 10mg IL12ns female), both showed significant upregulation of the IL10

signaling Reactome at T3 versus the saline control (Figure 3A). A similar relationship was also apparent in female mice, albeit only within the

0.1 mg IL12ns dosing group (Figure 3B). Further analysis of the individual genes that compose the IL10 signaling Reactome is ultimately

required to discern differences in this increase between experimental groups. No experimental group displayed alterations in the TNF

signaling Reactome at this timepoint. An unbiased GSEA using both Hallmark44 (Table S1) and Reactome39 gene sets (Table S2) further sup-

ported the modulation of these isolated pathways. Interestingly, both male and female MTD groups displayed statistically significant upre-

gulation of the Reactome signature pyroptosis, or caspase-1 mediated inflammatory cell death45–48 (q = 0.0498 and 0.0225, respectively,

Table S2). These data further suggest overt immunological toxicity with the bolus MTD strategy even at early dosing timepoints (T3). The

core enrichment genes identified from theseGSEAReactome analyses (Figure S3) were then assessed for expression changes at all peripheral

blood sampling timepoints T1-T7.

Bulk PBMC RNA-seq analysis – IFNG signaling reactome

In addition to the previously highlighted Ifng (Figure 2J), RPKMs for individual core enrichment genes within the IFNG signaling reactome40

were also analyzed (Figures 4A–4K). To begin, significant increases in Fcgr1 expression were evident in the male MTD group versus all other

groups at T3 through T5 (exception – 10 mg IL12ns), T6, and T7. Similar yet less pronounced increases were evident in the female MTD group

(Figure 4A). Furthermore, analysis of the interferon-inducedGbp2,Gbp3,Gbp5, andGbp7 revealed similar expression changes for males and

females (Figures 4B–4E). Overall, the MTD group exhibited significant (p < 0.01) or trending increases in Gbp expression versus all other

experimental groups (with few exceptions) from T3 through T7, with additional significant increases evident at T2 (Gbp5,Gbp7). Interestingly,

the 10 mg IL12ns group displayed a significant increase inGbp2 expression at T2 (versus saline), T3, T4, T6, and T7 (versus 0.1 mg IL12ns and

saline) (Figure 4B). ForGbp7, the 10mg IL12ns group also exhibited significant or trending increases at T2 (versus saline), T4, T5 (versus 0.1mg

IL12ns and saline), T6 (versus saline), and T7 (versus 0.1 mg IL12ns and saline) (Figure 4E).

Additionally, analysis revealed significant increases (p < 0.01) in Irf1 gene expression for the male MTD group at T2, T3, T4, T5, and T6

versus all groups, as well as at T7 versus both the 0.1 mg IL12ns and saline control groups. Significant or trending increases were also evident

for the 10 mg IL12ns group at T2, T3, and T4 (versus 0.1 mg IL12ns and saline control), as well as T6 and T7 (versus saline control) (Figure 4F).

Further, Irf7 expression displayed significant (p < 0.01) or trending increases within both male and female MTD groups in comparison to all
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other experimental groups from T2 through T7 (Figure 4G). Similarly, Irf9 expression was significantly increased within the maleMTD group in

comparison to the saline control group at T2, T3, T6, and T7. Additional significant increases (p < 0.01) were also evident within themale 10mg

IL12ns group versus saline at T2, T3, T4, with trending increases evident at T3 (versus 0.1 mg IL12ns), T6, and T7 (versus saline). Overall, similar

findings were also apparent for female experimental groups (Figure 4H).

Both male and female MTD groups also exhibited significant increases inOasl2 gene expression at T2 through T7 versus all other exper-

imental groups. Additional trending or significant increases were apparent in the male 10 mg IL12ns group at T2 (versus saline), T3, T4, T5,

and T7 (versus saline and 0.1 mg IL12ns) (Figure 4I). Importantly, expression of the signal transducer of the IFNG pathway, Stat1,49 was signif-

icantly upregulated at T2 through T6 for the male MTD group versus all other groups (exception – not in comparison to 10 mg IL12 ns at T4).

A significant or trending increase in Stat1 gene expression was also apparent within the 10 mg IL12ns group at T2, T3, T4, T6, and T7. Similar

trends were evident within the female MTD and 10 mg IL12ns groups, further suggesting IFNG signaling activation in these groups (Fig-

ure 4J). Importantly, Socs1 was significantly upregulated in the male MTD group at T2 (versus 0.1 mg IL12ns and saline), T3 (versus all other

groups), T4 (versus 0.1 mg IL12ns and saline), as well as T5 and T6 (versus all other groups). Similar trends persist within female MTD mice,

with a significant increase (p < 0.01) in Socs1 gene expression evident at T2, T3, T5, and T6 (exception 10 mg IL12ns) versus all other groups.

Additional significant or trending increases within the 10 mg or 0.1 mg IL12ns group versus saline controls were apparent at early dosing

timepoints T3 (both groups) and T4 (10 mg IL12ns) within males, as well as T2 (10 mg Il12ns) within females (Figure 4K). The lack of markedly

increased Socs1 expression at later timepoints with IL12ns dosing likely suggests a more controlled pro-inflammatory signature within this

group (File S2).

Figure 3. GSEA indicated aberrant peripheral immune stimulation with the MTD strategy

Gene set enrichment analysis (GSEA) of four Reactome39 gene sets including Interleukin-12 signaling,41 Interferon gamma signaling,40 Interleukin-10 signaling,42

and TNF signaling43 were analyzed for male (A) and female (B) experimental groups at timepoint 3 (T3). Both the normalized enrichment score (NES) and false

discovery rate (FDR) are presented on each enrichment score (ES) graph, separated by Reactome pathway (top) and experimental group (left). An n = 3 mice per

group per sex were included in this GSEA. Leading genes for each Reactome pathway (presented below each associated graph) are considered statistically

significant (FDR q-value <0.05).

ll
OPEN ACCESS

iScience 27, 108836, February 16, 2024 11

iScience
Article



ll
OPEN ACCESS

12 iScience 27, 108836, February 16, 2024

iScience
Article



Bulk PBMC RNA-seq analysis – IL12 signaling Reactome

In addition to the previously described Ifng (Figure 2J), Il10 (Figure 2K), and Stat1 (Figure 4J), RPKMs for individual genes of the Interleukin-12

signaling Reactome41 were also analyzed (Figures S4A–S4E). Importantly, Il12rb1 gene expression appeared sensitive to peripheral immune

stimulation with bolus IL-12 delivery (MTD). Here, there was a significant increase (p < 0.01) in Il12rb1 gene expression within the male MTD

group at T2 (versus saline), T3 (versus 0.1 mg IL12ns, saline), and T5 (versus all other groups), with trending increases evident at T2 versus both

10 and 0.1 mg IL12ns groups, T3 versus 10 mg IL12ns, and T7 versus all other groups. Similar yet less pronounced trends were also evident for

female MTD mice (Figure S4A). Analysis of Stat4 expression indicated possible overstimulation and suppression of IL-12 signaling with

elevated IL-12 dosing strategies (10 mg IL12ns, MTD).50 In females, there were significant decreases (p < 0.01) in Stat4 gene expression within

the 10 mg IL12ns group at T4 (versus 0.1 mg IL12ns) and T6 (versus 0.1 mg IL12ns and saline control). This result was accompanied by signif-

icant decreases in Stat4 expression for the femaleMTDgroup at T4 and T6 (versus 0.1 mg IL12ns), as well as T7 (versus both 0.1 mg IL12ns and

saline control) (Figure S4E). Overall, these data suggest that increased Il12rb1 expression51 alongside a compensatory downregulation of

Stat4 expression52 may indicate peripheral overstimulation with IL-12 delivery (File S2).

Bulk PBMC RNA-seq analysis – IL10 signaling reactome

In addition to the previously described Il10 (Figure 2K), Tnf (Figure 2M), Ccl4 (Figure 2P), and Cxcl10 (Figure 2R), RPKMs for core enrich-

ment genes of the Interleukin-10 signaling Reactome42 were also examined (Figures S4F–S4K). The IFN-g associated genes of this pathway,

including Il18 (IFN-g-inducing factor)53 (Figure S4F), Icam54,55 (Figure S4G), and Ccr556 (Figure S4H), were more significantly upregulated

within the MTD group in comparison to IL12ns, further affirming peripheral immune activation of the IFNG pathway with unencapsulated

IL-12 delivery. STAT3 is a crucial regulator at the crossroads of both inflammatory and anti-inflammatory responses.57 The IL-10/STAT3-

mediated anti-inflammatory immune signaling works in opposition of the pro-inflammatory IL-6/STAT3 pathway.58 Interestingly, in males,

Stat3 gene expression was significantly upregulated within the 10 mg IL12ns group at T2 (versus saline), T3 (versus saline), T4 (versus all

other groups), and T7 (versus saline). In females, Stat3 was significantly upregulated in both the 10 mg IL12ns and MTD groups in com-

parison to the saline control at T6 (Figure S4I). Stat3 increases in the 10 mg IL12ns group are likely associated with significant increases in

IL-6 plasma cytokine levels58 at IL12ns dosing timepoints considering the lack of Il10 expression within this group. Similar gene expression

increases were also apparent for Cxcl2, an acute inflammatory chemokine59 (Figure S4J). Significant decreases in Ptgs2 expression were

evident with 10 mg IL12ns dosing (Figure S4K and File S2), suggesting a lack of suppressive PGE2 production and sustained inflammatory

capacity with IL12ns therapy.60–63 Overall, while the IL10 signaling Reactome was significantly upregulated in both IL12ns and MTD stra-

tegies at T3 (Figure 3), the individual core enrichment genes driving this significance are distinctly different. Importantly, significance within

the MTD group is driven by expression of compensatory Il10 and Ifng-associated genes. In contrast, genes driving significance within the

IL12ns dosing groups are associated with pro-inflammatory signal transduction, however, without compensatory Il10 gene expression

(Figure S3).

Histopathologic analysis

Full necropsy for histopathological analysis by two independent board-certified pathologists and a veterinarian medical doctor was per-

formed at T7 (euthanasia). Representative Hematoxylin and Eosin (H&E) stained sections highlighting differences in portal (liver), cortical

(kidney), interstitial (lung), endomyocardial (heart), and stromal (spleen) inflammation amongst both male (Figure 5A) and female (Fig-

ure 5E) experimental groups are presented. Additional pathological findings from these analyses can be found in File S4. Quantification

of pathological findings into a total pathology, total inflammation, and total necrosis scores revealed striking differences between

experimental groups (Figures 5B–5D, and 5F–5H). In males, statistical analysis revealed significant increases in total pathology score

for both 10 mg IL12ns and MTD group in comparison to 0.001 mg IL12ns and matched-sex saline control groups (Figure 5B). Addition-

ally, there was a significant increase in total pathology score for the MTD group versus 0.1 mg IL12ns (Figure 5B). In females, both the

10 mg IL12ns and MTD groups exhibited significant increases in total pathology score in comparison to all other experimental groups

(Figure 5F). Importantly, in both males and females, there were no differences in total pathologic necrosis measured between exper-

imental groups (Figures 5C and 5G), suggesting these differences were due to histologically determined inflammation. Accordingly, in

both males and females, analysis revealed significant increases in total inflammation for the 10 mg IL12ns and MTD groups in compar-

ison to all other experimental groups (Figures 5D and 5H). These results indicate IL12ns can be effectively delivered to healthy BALB/c

mice and increase tissue-level inflammatory responses, albeit greatest within the reticuloendothelial system.64–66 These data also sup-

port previous literature which suggests that female BALB/c mice produce heightened pro-inflammatory responses when compared to

their male counterparts.67

Figure 4. Core enrichment gene analysis of the IFNG Reactome supported peripheral immune stimulation and compensatory downregulation with the

MTD strategy

(A–K) RPKMs for individual core enrichment genes within the interferon gamma (IFNG) signaling40 Reactome including Fcgr1 (A), Gbp2 (B), Gbp3 (C), Gbp5 (D),

Gbp7 (E), Irf1 (F), Irf7 (G), Irf9 (H), Oasl2 (I), Stat1 (J), and Socs1 (K) were analyzed (male mice – left, female mice – right). An n = 3 mice per group per sex were

included in the bulk PBMCRNA-seq analysis at each timepoint. Where visible, error bars represent standard error of themean (SE). For visual clarity, findings from

statistical analyses can be found in File S2. The x axis represents the timepoint of blood collection while the y axis indicates gene expression (reads per kilobase of

exon model per million mapped - RPKM).
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NanoString nCounter gene expression analysis – Liver

Gene expression profiles of formalin-fixed, paraffin embedded (FFPE) liver specimens harvested at euthanasia (T7) were examined using a 42

gene panel on theNanoString nCounter. Following normalization by housekeeping genes Eef1g,Gapdh,Hprt, Polr2a, Rpl19, and Sdha (both

male and female), differentially expressed genes, in comparison to the saline control, were analyzed (Figure 6). Importantly, Stat3 was signif-

icantly increased in bothmale (p < 0.01) and female (p < 0.05) 10mg IL12ns groups, with a trending increase also evident from the femaleMTD

group (p = 0.0651) (Figure 6A). This Stat3 expression is likely associated with pro-inflammatory IL-6 signaling within these specimens.68

Further, both the 10 mg IL12ns (male – p < 0.01, female – p < 0.05) and MTD (male and female – p < 0.01) groups displayed significant in-

creases in Ccl2 expression, indicating pro-inflammatory immune cell recruitment69 (Figure 6B). Both Cxcl9 and Cxcl10 displayed increased

gene expression in both male and female 10 mg IL12ns and MTD groups, however, their expression was more significantly upregulated in

the MTD group (Figures 6C and 6D). When analyzing those genes of the IFNG signaling pathway, interesting trends were revealed. Impor-

tantly, Stat1 gene expression was significantly upregulated in both the 10 mg IL12ns (male – p < 0.01) and MTD (male – p < 0.0001, female –

p < 0.001) groups (Figure 6E). Significant or trending increases inGbp2 andGbp3 expression were also observed for both groups (Figures 6F

and 6G). While Irf1 expression was increased with IL12ns dosing, only the MTD group displayed a significant increase in comparison to the

saline control (male – p < 0.01, female – p < 0.001) (Figure 6H). Furthermore, significant (male) or trending (female) increases in PD-L1 gene

expression was evident for the 10 mg IL12ns group. Analysis of the MTD group, however, revealed significant increases in both PD-L1 (male

and female, p < 0.01) and Lag3 (female, p < 0.05) expression (Figures 6I and 6J). Sustained expression of LAG-3 is associated with reduced

Figure 5. Histopathological assessment revealed increases in total inflammation with MTD and 10 mg IL12ns dosing groups

(A–H) Tissue specimens from male (A–D) and female (E–H) experimental mice were analyzed using a thorough, tissue-specific histopathological guideline.

Representative H&E images (A, E) highlight differences in portal (liver), cortical (kidney), interstitial (lung), endomyocardial (heart), and stromal (spleen)

inflammation (left). Violin plots display the differences in total pathologic (TOTAL PATH, B, F), total necrosis (C, G), and total inflammation (D, H) scores

amongst experimental groups. Results from statistical analysis via a one-way ANOVA are presented (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001).
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cytolytic and cytokine-producing functions of infiltrating T cells, while co-expression of LAG-3 and PD-1/PD-L1 exemplifies T cell dysfunction

in tumor patients.70 Significant elevation of both checkpoint molecules with theMTD strategy suggests immunotoxic overstimulation. Finally,

the 10mg IL12ns group displayed significant increases (p < 0.05) in both Socs3 (males) and Itgam (males and females) expression (Figures 6K–

6L). Upregulation of SOCS3, an integral regulator responsible for maintaining controlled inflammation downstream of both pro-inflammatory

STAT1/STAT3 (IL-6) and STAT4 (IL-12) signal transduction,71,72 suggests healthy inflammatory signaling with IL12ns dosing. Overall, these

data support that both IL12ns and MTD strategies drive pro-inflammatory immune responses in murine livers. Importantly, the MTD strategy

appears to promote immune exhaustion, as evidenced by increased co-expression of immune checkpoint genes PD-L1 and Lag3. Addition-

ally, a separate drug-induced liver toxicity panel, including the top 30 genes associated with chemical and drug induced liver injury as high-

lighted in the Comparative Toxicogenomics Database,73 was also deployed on both male and female liver specimens. NanoString nCounter

results suggested that neither MTD nor IL12ns dosing strategies were associated with drug-induced liver toxicity, as evidenced by the overall

lack of statistically significant differences between experimental and saline control groups (File S5).

NanoString nCounter gene expression analysis – Spleen

Gene expression profiles of FFPE splenic specimens harvested at euthanasia (T7) were also examined using the same 42 gene panel on the

NanoString nCounter. Following normalization using housekeeping genes Alas1, Eef1g, G6pd, Gapdh, Hprt, Polr2a, Rpl19, and Sdha (male

Figure 6. NanoString nCounter analysis reveals sustained pro-inflammatory immune responses with IL12ns dosing in liver specimens collected at

euthanasia

(A–L) NanoString nCounter differential gene expression analysis of murine liver specimens revealed significant differences in Stat3 (A), Ccl2 (B), Cxcl9 (C), Cxcl10 (D),

Stat1 (E), Gbp2 (F), Gbp3 (G), Irf1 (H), PD-L1 (I), Lag3 (J), Socs3 (K), and Itgam (L) expression amongst experimental groups in comparison to saline control. Log2

normalized expressions for each experimental group (male mice – left, female mice – right), with an n = 3 mice per group per sex, were analyzed by NanoString

nSolver Analysis Software 4.0 and graphed using GraphPad Prism9 (version 9.4.1). Benjamini–Yekutieli adjusted p values were then calculated for each experimental

group in comparison to saline controls (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001) as determined by NanoString Advanced Analysis Software.
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spleens) or Eef1g, G6pd, Il2rg, Polr2a, Rpl19, and Sdha (female spleens), differentially expressed genes, in comparison to the saline control,

were analyzed (Figure S5). Intriguingly, there wereminimal differentially expressed genes present within harvested spleens. Of note, theMTD

group displayed significant (male - p < 0.01) or trending (female - p = 0.0676) increases in Stat1 expression (Figure S5A). This Stat1 expression

was associated with significant increases (p < 0.01) in both Gbp2 and Cxcl9 in this same group (Figures S5B and S5E). While IFNG-related

genes were increased with IL12ns dosing (in comparison to the saline control), these levels were not statistically significant. In males, the

10 mg IL12ns dosing strategy was associated with trending increases in both Ly6g and Itgam expression, with a trending decrease in

CD19 expression also apparent (Figures S5J–S5L). Overall, splenic gene expression analysis revealed minimal differences between experi-

mental groups. Increases in Ifng-associated genes were apparent, with the greatest increases evident with the MTD strategy.

NanoString nCounter gene expression analysis – Lung

Gene expression profiles of FFPE lung specimens collected at euthanasia (T7) were also analyzed. Lungs were selected due to the previously

observed cytokine-induced acute lung injury in the setting of systemic inflammatory response syndrome (SIRS) or cytokine storm.74,75

Following normalization using housekeeping genes Eef1g, G6pd, Hprt, Il2rg, Polr2a, Rpl19, and Sdha (male) or Eef1g, G6pd, Hprt, Polr2a,

Rpl19, and Sdha (female), differentially expressed genes, in comparison to the saline control, were further analyzed (Figure S6). Again, there

were a minimal number of differentially expressed genes present amongst groups. Importantly, the female 10 mg IL12ns (p = 0.0527) and

MTD (p < 0.001) groups displayed trending or significant increases in Stat1 gene expression, respectively (Figure S6A). This increase was asso-

ciated with significant (p < 0.01) or trending (p = 0.0512) increases in Gbp2 and Gbp3 expression within the female MTD group, respectively

(Figures S6B and S6C). Furthermore, the female MTD group also displayed trending increases in both Cxcl9 (Figure S6E) and PD-L1 (Fig-

ure S6H), indicating signs of exhaustive pro-inflammatory signaling within lung tissues. Lastly, the 10 mg IL12ns group displayed a significant

increase (p < 0.05) in Itgam expression, however, only within femalemice. Overall, these data suggest that the IL12ns dosing strategymay not

cause SIRS-associated acute lung injury in a short-duration treatment setting, as measured by the lack of pro-inflammatory signaling within

this tissue. While subtle, MTD, in contrast, increased both pro-inflammatory Ifng signaling alongside the immune checkpoint molecule PD-L1

within harvested lungs. These changes ultimately correlate with the previously described systemic immune findings with MTD strategy and

indicate development of SIRS-like inflammatory insults as seen in the setting of acute lung injury.76

DISCUSSION AND CONCLUSION

The purpose of this study was to assess the immunotoxicity of IL12ns in healthy male and female BALB/c mice while examining the pharma-

codynamics of nanosphere cytokine delivery. While histopathological and NanoString nCounter analysis supports that neither MTD nor

IL12ns therapy drove pathological, drug-induced necrosis within examined tissues, the deployment of a rigorous IDP detailed numerous

immunological differences between these dosing strategies. At the forefront of these differences was pathologic peripheral overstimulation

with the MTD strategy, as evidenced by signs of immune exhaustion and inflammatory cell death. Accordingly, findings from the IDP can be

grouped into three, often overlapping, categories: (1) immunologic markers associated with undesirable peripheral immune activation, (2)

immunologic markers that may allow for IL12ns dose titration in a clinical setting, and (3) immunologic markers which support the necessity

of the IL12ns vector delivery system and the proposed pharmacodynamic mechanism of action.

First, IDP analysis revealed numerous markers associated with peripheral immune overstimulation, as measured within the bolus MTD

group. It is well understood that upon exposure to IFN-g expression of numerous immune inhibitory molecules, such as PD-L1, are upregu-

lated.17 Expression of CD86, CEACAM-1, and class II MHC molecules, the ligands for immunosuppressive checkpoint inhibitors CTLA-4,

TIM-3, and LAG3, respectively, are also increased in response to IFN-g.77 Accordingly, our study reports an increase in neutrophil PD-L1

expression alongside peripheral IFN-g and associated chemokines with the bolus MTD strategy. PD-L1+ neutrophils have been associated

with decreased cytotoxicity in the setting of cancer32 and worsening severity of autoimmune disorders.78 Further, the MTD strategy was also

associated with increases in % PD-L1+, % CD66b+, % CD80+, and % MHC-II+ PMN-MDSCs. This observation likely indicates bone marrow

release of an immature, granulocytic myeloid population with heightened immunosuppressive capacity in the setting of IL-12 overstimula-

tion.79,80 Additionally, while IL-12 stimulus initially drives NK cell activation, high-dose administration of IL-12 was associated with the induc-

tion of NK cell apoptosis and decreasing levels of STAT4 mRNA.50 Increases in Ki67+ NK cells with high-dose IL-12 administration, previously

associated with autoimmunity and its severity,81 may further indicate the initiation of pathological overstimulation with unencapsulated IL-12

therapy.82

Moreover, plasma cytokine and chemokine changes, as depicted in the MTD group, recapitulate the previous immunotoxicity evident in

human clinical trials.23 Decreases in circulating IFN-g, and subsequent declines in both CXCL9 and CXCL10, were observed with repeated

unencapsulated IL-12 stimulation in theMTD group.23 Maintaining elevated IFN-g levels throughout IL-12 treatment was rare, however, asso-

ciated with anti-tumor responses in previous human clinical trials.83 In support of this assertion, the activation of compensatory mechanisms

and generation of an exhaustive, hyporesponsive phenotype were also observed with MTD delivery. The early increase in plasma IFN-g was

associated with increases in PBMC Il10 gene expression. IL-10 is a critical immunomodulatory cytokine known for its immunosuppressive ef-

fects84 and is associated with downregulation of IL-12 and other pro-inflammatory signaling pathways.85 MTD also increased expression of

lymphoid immune exhaustion genes (CTLA-4, Lag3, and Havcr2 or Tim-3), suggesting the development of a hyporesponsive gene signature

within peripheral immune cells.86 The sustained expression of Socs1, a negative regulator of IFN-g signaling responsible for preventing

damaging pro-inflammatory immune responses,87–91 with the MTD strategy further suggests compensatory downregulation of IFN-g

signaling in peripheral immune cells.
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Secondly, immunologic markers for IL12ns dose titration were also identified. Peripheral blood assessments made 12 h post-IL12ns injec-

tion (T2, T4, and T6) were associated with two distinct cellular changes. Specifically, the 10 mg IL12ns group exhibited increases in myeloid

lineage cells (particularly neutrophils) positive for iNOS (NOS2)33 and, at early timepoints, Arg-1 (ARG).92 Of note, elevated levels of polymor-

phonuclear (PMN) cells was observed to be crucial for disruption of tumor vessels in the setting of systemic IL-12 therapy.20 Activated

neutrophils, however, can inhibit T-lymphocyte functions through release of Arg-1 and subsequent depletion of the integral amino acid

L-arginine.93 These cells can also directly inhibit T cell activation by cell–cell interactions through the PD-L1/PD-1 axis, which is upregulated

in response to IFN-g stimulation.94,95 Therefore, observing PMN-related increases in peripheral blood should still be considered a positive

immune response to systemic IL-12 therapy. However, ensuring that these IL-6-induced neutrophils lack PD-L1 expression (as seen in MTD),

do not attain markedly increased Arg-1 expression, and return to near-physiological levels post-injection (as evident in this study) will likely be

crucial immunological markers used for IL12ns dose titration in future human clinical trials. Coincidentally, B-lymphocytes experienced an

opposite trend. The associated declines in % CD19+ B-lymphocytes are likely the result of B cell recruitment to peripheral sites of inflamma-

tion, acquisition of a more mature phenotype, alongside a bone marrow shift favoring myelopoiesis in the setting of an acute inflammatory

response as seen in infection.96

As previously indicated, IL12ns dosing was also associated with elevated plasma levels of the inflammatory cytokines IL-697–99 and

TNF-a.100 IL-6 stimulates the production of most acute phase proteins in the acute-phase reaction.101 Importantly, the detrimental effects

of IL-6 in the setting of chronic inflammation are associatedwith persistent, not transient, elevation of this cytokine.102 In this study, IL-6 plasma

cytokine levels were increased 12 h post-10 mg IL12ns dosing timepoints (T2, T4, T6), however, returned to baseline thereafter (T3, T5, T7).

While an elevation in IL-6 confirms successful initiation of a desired tissue-resident inflammatory response with IL12ns dosing, monitoring its

levels over the course of therapy will likely be critical for the prevention of chronic inflammation and development of SIRS-like immunophe-

notype.103,104 Similar consideration must also be made for the complementary pleiotropic inflammatory cytokine, TNF-a.38,105

Lastly, the combination of plasma protein and transcriptomic analysis further indicates support for the proposed pharmacodynamicmech-

anism of IL12ns. While plasma proteomic measurements encompass those cytokines and chemokines released from numerous cellular sour-

ces,106–110 bulk RNA-seq analysis was performed on total RNA isolated from a PBMC single cell suspension. This distinction ultimately allows

discernment of a plasma protein’s source (cells of tissue or peripheral blood) and the likely location of signaling pathway activation. Intrigu-

ingly, while plasma protein analysis indicated drastic increases in circulating IL-6 levels with 10 mg IL12ns dosing (not evident within the MTD

group), bulk PBMC RNA-seq analysis revealed limited to no differences in Il6 expression amongst experimental groups. These findings sug-

gest that the source of this acute phase protein is likely tissue-resident cells (hepatocytes of the liver, fibroblasts at sites of inflammation99,102),

responding to IL12ns tissue deposition and activation, however not by activation of cells within the periphery (blood immune cells/endothelial

cells). A similar relationship of increased plasma protein with minimal differences in PBMC gene expression was apparent for TNF-a and in-

flammatory chemokines CCL2, CCL3, and CCL4.111–114

Additionally, previous literature suggests that CXCL10, in direct response to IFN-g, is secreted predominantly by immune cells (leukocytes,

activated neutrophils, monocytes), followed by fibroblasts, keratinocytes, epithelial, and endothelial cells.115–118 Peripheral blood plasma

analysis revealed that while plasma levels of this chemokine are elevated within the MTD group, these levels were eventually exceeded by

the 10 mg IL12ns group at later dosing timepoints. Importantly, bulk PBMC RNA-seq analysis demonstrated that while these elevated

CXCL10 chemokine levels (from plasma) are associated with increased Cxcl10 gene expression (from circulating PBMCs) in the MTD group,

only plasma CXCL10 levels are increased with 10 mg IL12ns dosing. The associated Cxcl10 gene expression increase in PBMCs was not

measured with IL12ns dosing. This finding ultimately suggests that IL12ns can effectively deliver IL-12 to tissue-resident immune cells, stim-

ulate pro-inflammatory responses as measured by circulating cytokine and chemokine levels, and limit peripheral activation of circulating im-

mune cells and the potential development of SIRS or cytokine storm.119–122

Due to the relatively short half-life of IL-12 and ubiquitous expression of its receptor,18,123–125 large loading doses of the cytokine are likely

required for delivery to secondary/tertiary lymphoid organs and tumor microenvironments. Here, the bolus (unencapsulated) MTD delivery

strategy recapitulated the immune findings from previous human clinical trials23,24,126: peripheral immune stimulation with repeated bolus IL-

12 dosing induces initial pro-inflammatory responses that eventually result in the development of an exhausted, immunotoxic immune profile.

Conversely, our data suggests that IL12ns prevent aberrant peripheral blood activation by shielding IL-12 from peripheral immune cells. This

protective effect is likely due to the near immediate tissue deposition of the PLGA vector system64,65 and slow, controlled cytokine elution

thereafter.30 This efficient vector delivery system presumably reduces the overall dose required for desired tissue delivery and anti-tumor

efficacy.

This phenomenon was ultimately supported by our NanoString nCounter gene expression profiling of harvested liver, spleen, and lung

specimens. Here, IL12ns drove tissue-resident increases in pro-inflammatory IFNG and IL-6 gene expression alongside the chemokines asso-

ciated with immune cell recruitment. Importantly, this tissue-resident pro-inflammatory signaling from IL12ns was accomplished without

inducing overt immune exhaustion locally nor within peripheral blood. While the MTD strategy vastly increased expression of many pro-in-

flammatory genes within analyzed tissues, these increases (particularly in liver and lung) were accompanied by compensatory checkpoint in-

hibitor expression indicative of an exhaustive immunophenotype. The increases in pro-inflammatory cytokine/chemokine signatures without

co-expression of these inhibitory molecules, even days (T7) after the last IL12ns dose (T6), emphasizes the importance of slow and controlled

IL-12 release after IL12ns deposition as a crucial pharmacodynamic feature of this vector system. While there were limited differentially ex-

pressed genes within lung specimens, the lack of both pro-inflammatory and immune checkpoint inhibitor expression (as seen with MTD)

further supports that IL12ns can prevent SIRS or cytokine storm-associated pathologies such as cytokine-induced acute lung injury.74 The
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increase in myeloid infiltration with IL12ns dosing will require further investigation in long duration treatment studies, however, may be crucial

to pro-tumoral vessel destruction in the prevention of metastatic disease, as previously observed.20 Ultimately, this multi-organ gene expres-

sion analysis further supports that IL12ns can drive healthy and sustained pro-inflammatory signaling systemically within tissues while prevent-

ing overt immunologic toxicity in peripheral blood.

In conclusion, the combined proteomic, transcriptomic, and histopathological analyses ultimately support the proposed mechanistic

efficacy of the IL12ns vector delivery system. To our knowledge, these data are the first to exemplify the effects of differential pharmacody-

namics (nanosphere, encapsulated versus bolus, unencapsulated) on systemic immune responses during cytokine-based immunotherapy.

Importantly, these immunological responses, seen in the IL12ns cohorts, correlate with the efficacious, anti-tumor immune adaptations known

to be important in systemic IL-12 therapy including (1) the ability to drive effector signaling within systemic immune organs, as measured by

increases in proinflammatory cytokines (IFN-g, IL-6), (2) production of anti-angiogenic chemokines (CXCL9, CXCL10), and (3) activation of

polymorphonuclear cells (neutrophils) for destruction of tumor blood vessels.20 These responses occur all while avoiding the clinical toxicity

seen with the MTD strategy. Deployment of this IDP and reaffirmation of these findings in in vivomodels of various solid tumors is ultimately

warranted and will be the basis of future investigations.

Limitations of the study

While robust in its analyses, our study has inherent limitations. Of note, this study only investigated the delivery of a single pro-inflamma-

tory cytokine (IL-12). Whether the immune protective effects of vector encapsulation will translate to other antibody- and cytokine-based

therapies has yet to be examined. Furthermore, the IL12ns dosing strategy was delivered at a previously determined maximally concen-

trated dose of 40 mg/mL (10 mg in 250 mL). The 10 mg IL12ns dose delivers approximately 20% of the MTD (�1600 ng/kg/day IL-12 versus

10,000 ng/kg/day IL-12), to which many of these immunological comparisons were made. Future studies directly comparing the resulting

immunological changes between IL12ns and matched bolus doses are warranted. Additionally, while both male and female immune re-

sponses are examined in this study, statistical analysis was limited to intersex comparisons between experimental groups. The choice to

stratify the sexes during analysis was multifold including simplicity of conveying experimental results, opportunity to determine sex-specific

biomarkers, with existing literature suggesting known sex differences in immune responses,127 and ultimately providing rigor to our find-

ings, with similar observations evident in both sexes. Direct comparisons between male and female immune responses, however, may be

warranted before further investigation. Finally, these analyses were performed in only one model (healthy male and female BALB/c mice),

which may limit the generalizability of our findings. Additional investigation using other models (murine, canine, non-human primates) may

ultimately be warranted.
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Antibodies

BUV395 Mouse Anti-Ki-67, Clone B56 BD Biosciences 564071; RRID: AB_2738577

BUV563 Hamster Anti-Mouse CD69, Clone H1.2F3 BD Biosciences 741234; RRID: AB_2870786

BUV737 Rat Anti-Mouse I-A/I-E, Clone

M5/114.15.2 (also known as M5/114)

BD Biosciences 748845; RRID: AB_2873248

BV480 Rat Anti-Mouse CD25, Clone PC61 BD Biosciences 566120; RRID: AB_2739522

BB515 Rat Anti-Mouse CD223, Clone C9B7W BD Biosciences 564672; RRID: AB_2738884

BB700 Hamster Anti-Mouse CD279 (PD-1), Clone J43 BD Biosciences 566514; RRID: AB_2869777

APC-R700 Hamster Anti-Mouse CD152, Clone UC10-4F10-11 BD Biosciences 565778; RRID: AB_2739350

BB700 Rat Anti-Mouse CD86, Clone GL1 BD Biosciences 742120; RRID: AB_2871388

BUV737 Rat Anti-Mouse CD19, Clone 1D3 BD Biosciences 612781; RRID: AB_2870110

BV605 Rat Anti-Mouse CD119, Clone GR20 BD Biosciences 745111; RRID: AB_2742716

Brilliant Violet 421� anti-mouse CD366

(Tim-3) Antibody, Clone RMT3-23

BioLegend 119723; RRID: AB_2616908

Brilliant Violet 750� anti-mouse CD4 Antibody, Clone GK1.5 BioLegend 100467; RRID: AB_2734150

Spark Blue� 550 anti-mouse CD8a Antibody, Clone 53–6.7 BioLegend 100780; RRID: AB_2819773

PerCP anti-mouse CD19 Antibody, Cline 6D5 BioLegend 115532; RRID: AB_2072926

PE/Dazzle� 594 anti-mouse CD183 (CXCR3)

Antibody, Clone S18001A

BioLegend 155914

PE/Cyanine7 anti-mouse CD226 (DNAM-1)

Antibody, Clone 10E5

BioLegend 128812; RRID: AB_2566629

Zombie NIR� Fixable Viability Kit BioLegend 423105

Brilliant Violet 785� anti-mouse CD274

(B7-H1, PD-L1) Antibody, Clone 10F.9G2

BioLegend 124331; RRID: AB_2629659

Brilliant Violet 711� anti-mouse Ly-6G Antibody, Clone 1A8 BioLegend 127643; RRID: AB_2565971

Alexa Fluor� 700 anti-mouse I-A/I-E Antibody,

Clone Clone M5/114.15.2

BioLegend 107622; RRID: AB_493727

Brilliant Violet 570� anti-mouse Ly-6C

Antibody, Clone HK1.4

BioLegend 128029; RRID: AB_10896061

PerCP anti-mouse CD11c Antibody, Clone N418 BioLegend 117326; RRID: AB_2129643

CF594 CEACAM8 antibody, polyclonal Biorbyt orb213728-CF594

CD80 Antibody, anti-mouse, PE-Vio� 770,

REAfinity�, Clone REA983

Miltenyi Biotech 130-116-398; RRID: AB_2727516

Arginase 1/ARG1/liver Arginase Antibody

[Alexa Fluor� 405], polyclonal

Novus NBP1-32731AF405

Mouse NKG2A/CD159a APC-conjugated

Antibody, Clone 705829

R&D Systems FAB6867A; RRID: AB_10972604

Invitrogen� CD11b Monoclonal Antibody

(M1/70), eFluor� 506, eBioscience�
ThermoFisher Scientific 69-0112-82; RRID: AB_2637406

Invitrogen� CD127 Monoclonal Antibody

(A7R34), Super Bright� 645, eBioscience�
ThermoFisher Scientific 64-1271-82; RRID: AB_2744868

Invitrogen� CD335 (NKp46) Monoclonal

Antibody (29A1.4), PerCP-eFluor� 710, eBioscience�
ThermoFisher Scientific 46-3351-82; RRID: AB_1834441
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Invitrogen� FOXP3 Monoclonal Antibody

(NRRF-30), PE, eBioscience�
ThermoFisher Scientific 12-4771-82; RRID: AB_529580

Invitrogen� CD11b Monoclonal Antibody

(M1/70), eFluor� 506, eBioscience�
ThermoFisher Scientific 69-0112-82; RRID: AB_2637406

Invitrogen� iNOS Monoclonal Antibody

(CXNFT), Alexa Fluor� 488, eBioscience�
ThermoFisher Scientific 53-5920-82; RRID: AB_2574423

Chemicals, peptides, and recombinant proteins

BD Horizon � Brilliant Stain Buffer BD Biosciences 566349

Recombinant murine IL-12 (p70) (carrier free) BioLegend 577008

Corning� Regular Fetal Bovine Serum Fisher Scientific MT35011CV

Corning� Cell Culture Buffers: Dulbecco’s

Phosphate-Buffered Salt Solution 1X

Fisher Scientific 21031CV

Gibco� Fetal Bovine Serum, certified,

heat inactivated, United States

Fisher Scientific 10-082-147

ChromPure Rat IgG, Whole Molecule Jackson ImmunoResearch 012-000-003

ChromPure Mouse IgG, Whole Molecule Jackson ImmunoResearch 015-000-003

SeaPlaque� Agarose Lonza 50100

Dichloromethane Millipore Sigma 320269

Resomer� RG 503 H, Poly(D,L-lactide-co-glycolide) Millipore Sigma 719870

Albumin from mouse serum Millipore Sigma A3559

Red Blood Cell Lysis Solution (10x) Miltenyi Biotech 130-094-183

Sorbitan Monosterate, NF Spectrum Chemical SPA63

Polyvinyl Alcohol, USP Spectrum Chemical P1180

Polysorbate 80, NF Spectrum Chemical PO138

Gibco� RPMI 1640 Medium ThermoFisher Scientific 21875034

Invitrogen� eBioscienceTM FoxP3/Transcription

Factor Staining Buffer Set

ThermoFisher Scientific 00-5523-00

DL-Limonene Sigma Aldrich 8.14546

Critical commercial assays

RNA Agilent Tape Station

4200 High Sensitivity D5000 kit

Agilent 5067-5576, 5067–5577, 5067–5578,

5067–5592, 5067-5593

RNA HS Agilent Tape Station

4200 High Sensitivity D5000 kit

Agilent 5067-5579, 5067–5580,

5067–5592, 5067-5593

Mouse IL-12 (p70) ELISA MAX deluxe ELISA kits BioLegend 433606

LEGENDplex MU Cytokine Release

Syndrome Panel (13-plex) w/VbP

BioLegend 741024

NextSeq 1000/2000 P2 Reagents (100 Cycles) v3 Illumina 20046811

NextSeq 2000 P3 Reagents (100 Cycles) Illumina 20040559

XT_GX CodeSet FRSMK_DR NanoString 116003421 (lot – C10552X1)

XT_GXA_P1CS-096 NanoString 116003421 (lot – C10552X1)

nCounter Master Kit NanoString 100054

NEBNext� Ultra� II Directional RNA

Library Prep Kit for Illumina�
New England Biolabs Inc. E7760L

NEBNext Poly(A) mRNA Magnetic Isolation Module New England Biolabs Inc. E7490L

NEBNext� Globin & rRNA Depletion

Kit (Human/Mouse/Rat)

New England Biolabs Inc. E7750X

(Continued on next page)

ll
OPEN ACCESS

24 iScience 27, 108836, February 16, 2024

iScience
Article



Continued
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RNeasy Plus Mini Kit Qiagen Sciences Inc. 74136

Invitrogen� Qubit� dsDNA HS and BR Assay Kits ThermoFisher Scientific Q32854

Deposited data

Interferon gamma signaling Reactome (Garapati40) https://reactome.org/content/

detail/R-HSA-877300

Interleukin-12 signaling Reactome (Jupe and Duenas41) https://reactome.org/content/

detail/R-HSA-9020591

Interleukin-10 signaling Reactome (Jupe42) https://reactome.org/content/

detail/R-HSA-6783783

TNF signaling Reactome (Shamovsky43) http://reactome.org/content/

detail/R-HSA-75893.7

Chemical and Drug Induced Liver Toxicity Comparative Toxicogenomics

Database (Davis et al.73)

https://ctdbase.org/detail.go?

type = disease&acc = MESH:D056486

Raw and Processed RNA-seq data This paper GSE241939

Experimental models: Organisms/strains

BALB/c mice: 7-8-week-old male and female The Jackson Laboratory 000651

Oligonucleotides

NEBNext� Multiplex Oligos for Illumina�
(96 Unique Dual Index Primer Pairs)

New England Biolabs Inc. E6440L

Software and algorithms

Subread v2.0.1 Liao et al. 2013128 https://subread.sourceforge.net

RefSeq Liao et al. 2014129 https://www.ncbi.nlm.nih.gov/refseq/

EdgeR3 Mortazavi et al. 2008130 https://bioconductor.org/packages/

release/bioc/html/edgeR.html

GSEA_4.3.2 Robinson et al. 2010131 http://www.gsea-msigdb.org/gsea/index.jsp

FCS Express [version 7] De Novo Software https://denovosoftware.com

BioLegend LEGENDplex Data Analysis

Software version 2022-07-15

BioLegend https://legendplex.qognit.com/

user/login?next = home

Spectroflo 3.0 software Cytek Biosciences https://cytekbio.com/pages/spectro-flo

Cytek Full Spectrum Viewer Cytek Biosciences https://spectrum.cytekbio.com

NanoString nCounter Advanced Analysis

Software (version 2.0.134)

NanoString https://NanoString.com/products/analysis-

solutions/nsolver-advanced-analysis-software/

NanoString nSolver Analysis Software 4.0 NanoString https://nanostring.com/products/

analysis-solutions/ncounter-analysis-solutions/

Prism9 (version 9.4.1) GraphPad https://www.graphpad.com

JMP Pro 16 JMP Statistical Discovery https://www.jmp.com/en_us/software/

predictive-analytics-software.html

Other

Goldenrod Animal Lancet, 4mm Sterile, 5 trays of 200 Braintree Scientific GR 4MM

Microvette 100100 UL, round bottom,

inner tube Potassium EDTA

Braintree Scientific MV-100

Pyrex� Vista� Test Tubes, 15 3 125 mm Carolina Biological

Supply Company

721172

Invitrogen� OneComp eBeads Compensation Beads ThermoFisher Scientific 01-1111-42

Invitrogen� UltraComp eBeads Compensation Beads ThermoFisher Scientific 01-2222-42

NanoString nCounter custom CodeSet Probes, Abcb11 NanoString NM_021022.2:1660

(Continued on next page)
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NanoString nCounter custom CodeSet Probes, Abcb4 NanoString NM_008830.1:1945

NanoString nCounter custom CodeSet Probes, Abcc2 NanoString NM_013806.2:4600

NanoString nCounter custom CodeSet Probes, Abcc3 NanoString NM_029600.3:2730

NanoString nCounter custom CodeSet Probes, Alas1 NanoString NM_020559.2:1034

NanoString nCounter custom CodeSet Probes, Apex1 NanoString NM_009687.2:289

NanoString nCounter custom CodeSet Probes, ARG1 NanoString NM_007482.3:626

NanoString nCounter custom CodeSet Probes, Btg2 NanoString NM_007570.2:50

NanoString nCounter custom CodeSet Probes, Casp3 NanoString NM_009810.2:630

NanoString nCounter custom CodeSet Probes, CCL2 NanoString NM_011333.3:415

NanoString nCounter custom CodeSet Probes, CCL3 NanoString NM_011337.2:219

NanoString nCounter custom CodeSet Probes, CCL4 NanoString NM_013652.2:200

NanoString nCounter custom CodeSet Probes, Ccng1 NanoString NM_009831.2:545

NanoString nCounter custom CodeSet Probes, CD19 NanoString NM_009844.2:1697

NanoString nCounter custom CodeSet Probes, Cd36 NanoString NM_007643.3:1520

NanoString nCounter custom CodeSet Probes, CD4 NanoString NM_013488.2:422

NanoString nCounter custom CodeSet Probes, CD8a NanoString NM_001081110.2:355

NanoString nCounter custom CodeSet Probes, Cdkn1a NanoString NM_007669.4:1670

NanoString nCounter custom CodeSet Probes, CLTA-4 NanoString NM_009843.3:1475

NanoString nCounter custom CodeSet Probes, CXCL10 NanoString NM_021274.2:194

NanoString nCounter custom CodeSet Probes, CXCL9 NanoString NM_008599.4:112

NanoString nCounter custom CodeSet Probes, Cyp1a2 NanoString NM_009993.3:975

NanoString nCounter custom CodeSet Probes, Cyp1b1 NanoString NM_009994.1:114

NanoString nCounter custom CodeSet Probes, Eef1g NanoString NM_026007.4:338

NanoString nCounter custom CodeSet Probes, Fasn NanoString NM_007988.3:6560

NanoString nCounter custom CodeSet Probes, Fmo1 NanoString NM_010231.3:514

NanoString nCounter custom CodeSet Probes, G6pd NanoString NM_008062.2:2030

NanoString nCounter custom CodeSet Probes, Gadd45a NanoString NM_007836.1:654

NanoString nCounter custom CodeSet Probes, Gapdh NanoString NM_008084.1:755

NanoString nCounter custom CodeSet Probes, GBP2 NanoString NM_010260.1:1996

NanoString nCounter custom CodeSet Probes, GBP3 NanoString NM_018734.3:1894

NanoString nCounter custom CodeSet Probes, Gclc NanoString NM_010295.2:1102

NanoString nCounter custom CodeSet Probes, Gpx1 NanoString NM_008160.5:315

NanoString nCounter custom CodeSet Probes, Gsr NanoString NM_010344.4:1507

NanoString nCounter custom CodeSet Probes, HAVCR2 NanoString NM_134250.2:134

NanoString nCounter custom CodeSet Probes, Hmox1 NanoString NM_010442.2:610

NanoString nCounter custom CodeSet Probes, Hprt NanoString NM_013556.2:30

NanoString nCounter custom CodeSet Probes, Icam1 NanoString NM_010493.2:2195

NanoString nCounter custom CodeSet Probes, IFNG NanoString NM_008337.3:402

NanoString nCounter custom CodeSet Probes, IL10 NanoString NM_010548.2:250

NanoString nCounter custom CodeSet Probes, IL12RB1 NanoString NM_008353.2:2765

NanoString nCounter custom CodeSet Probes, IL1B NanoString NM_008361.3:108

NanoString nCounter custom CodeSet Probes, Il2rg NanoString NM_013563.3:566

NanoString nCounter custom CodeSet Probes, IL6 NanoString NM_031168.1:200

NanoString nCounter custom CodeSet Probes, IRF1 NanoString NM_008390.2:845

NanoString nCounter custom CodeSet Probes, ITGAM NanoString NM_008401.2:155

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for datasets generated and/or analyzed in the current study should be directed to the lead contact, Dr.

Brock. A Lindsey, MD (blinds10@jh.edu).

Materials availability

This study did not generate new and/or unique reagents.

Data and code availability

(1) RNA-seqdata have been deposited at GEOand are publicly available as of the date of publication. Accession numbers are listed in the

key resources table. This paper also utilizes existing, publicly available data. These accession numbers and/or URLs for these datasets

are listed in the key resources table.

(2) There is no associated original code used for data analysis in this manuscript.

(3) All other datatypes and additional information required to reanalyze the data reported are available from the lead contact upon

reasonable request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All animal procedures performed were approved by theWVU Institutional Animal Care and Use Committee. Healthy, 7-8-week-old male and

female BALB/c (#000651) were obtained fromThe Jackson Laboratory (Bar Harbor,ME).Micewere housed individually in ventilatedAllentown

cages, within specific pathogen-free facilities, on corncob bedding with 12-h light/dark cycles.Mice had ad libitum access to irradiated Teklad

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

NanoString nCounter custom CodeSet Probes, ITGAX NanoString NM_021334.2:327

NanoString nCounter custom CodeSet Probes, LAG3 NanoString NM_008479.1:1700

NanoString nCounter custom CodeSet Probes, Lpl NanoString NM_008509.2:802

NanoString nCounter custom CodeSet Probes, Ly6g NanoString XM_909927.2:91

NanoString nCounter custom CodeSet Probes, Mt2 NanoString NM_008630.2:105

NanoString nCounter custom CodeSet Probes, NCR1 NanoString NM_010746.3:995

NanoString nCounter custom CodeSet Probes, NOS2 NanoString NM_010927.3:1541

NanoString nCounter custom CodeSet Probes, Nqo1 NanoString NM_008706.5:430

NanoString nCounter custom CodeSet Probes, PD-L1 NanoString NM_021893.2:515

NanoString nCounter custom CodeSet Probes, Polr1b NanoString NM_009086.2:2795

NanoString nCounter custom CodeSet Probes, Polr2a NanoString NM_001291068.1:2768

NanoString nCounter custom CodeSet Probes, Ppara NanoString NM_011144.2:1345

NanoString nCounter custom CodeSet Probes, Rb1 NanoString NM_009029.2:1590

NanoString nCounter custom CodeSet Probes, Rbp1 NanoString NM_011254.5:709

NanoString nCounter custom CodeSet Probes, Rpl19 NanoString NM_009078.1:20

NanoString nCounter custom CodeSet Probes, Sdha NanoString NM_023281.1:250

NanoString nCounter custom CodeSet Probes, Serpine1 NanoString NM_008871.2:1822

NanoString nCounter custom CodeSet Probes, SOCS1 NanoString NM_009896.2:440

NanoString nCounter custom CodeSet Probes, SOCS3 NanoString NM_007707.3:1952

NanoString nCounter custom CodeSet Probes, Srebf1 NanoString NM_011480.1:1145

NanoString nCounter custom CodeSet Probes, STAT1 NanoString NM_001205313.1:430

NanoString nCounter custom CodeSet Probes, STAT3 NanoString NM_213659.2:1360

NanoString nCounter custom CodeSet Probes, STAT4 NanoString NM_011487.4:1816

NanoString nCounter custom CodeSet Probes, Thrsp NanoString NM_009381.2:760

NanoString nCounter custom CodeSet Probes, TNF NanoString NM_013693.2:514

NanoString nCounter custom CodeSet Probes, Txnrd1 NanoString NM_015762.2:2245
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Global 18%Protein RodentDiet (2918-060122M) with guaranteed analysis of crude protein no less than 18.0%, crude fat no less than 5.0%, and

crude fiber no more than 5.0% (Madison, WI). Mice were assigned to the respective treatment groups by simple randomization upon arrival

and given an approximate 2-week acclimation period before receiving first treatments.

METHOD DETAILS

Experimental design

To perform an immunotoxicology assessment of recombinant murine interlekin-12-loaded PLGA nanospheres (IL12ns), we compared the re-

sulting systemic immune responses from various IL-12 treatment regimens in healthy, 7–8-week male/female BALB/c mice via 7 serial blood

sampling timepoints (Figure 1). Timepoints include baseline (T1), 12-h (T2), day 4 (T3), day 8 (T4), day 11 (T5), day 15 (T6), and day 18 (T7), at

which time mice were humanely euthanized following cardiac puncture for full necropsy. Five (5) treatment groups, each with 8 male and 8

female mice, examined four different IL-12 dosing strategies, (1) 10,000 ng/kg/day daily [maximum tolerable dose (MTD)], (2) 10 mg IL12ns

delivering�1600 ng/kg/day rmIL-12, (3) 0.1 mg IL12ns delivering�16 ng/kg/day rmIL-12, and (4) 0.001 mg IL12ns delivering�0.16 ng/kg/day

rmIL-12, alongside (5) a non-treatment, saline control (Figure 1A). Daily administration of 16,000 ng/kg/day is considered the toxic dose for

mice, as extreme weight loss ultimately required humane euthanasia 8–10 days thereafter.126 Therefore, 10,000 ng/kg/day was chosen as the

maximum tolerable dose (MTD) so that effects of a bolus IL-12 could be examined while ensuring survival of animals to the humane endpoint

of 18 days (T7). At each sampling timepoint, peripheral blood was collected via cheek bleed (�80 mL) for analysis via an immune diagnostic

platform (IDP) consisting of peripheral bloodmononuclear cell (PBMC) spectral flow cytometric analysis, plasma cytokine/chemokine analysis

via BioLegend (San Diego, CA) LEGENDplex, and bulk PBMC RNA sequencing (Figure 1B). At day 18 (T7, euthanasia), peripheral blood was

collected via cardiac puncture alongside necropsy to harvest heart, liver, spleen, lungs, and kidneys for histopathological analysis by two,

independent board-certified pathologists and a veterinarian medical doctor. RNA was then isolated from FFPE liver, spleen, and lung spec-

imens for NanoString nCounter gene expression analysis using a custom pro-inflammatory panel (Figure 1A).

IL12ns and rmIL-12 administration

IL12ns, free rmIL-12 (MTD), or saline was administered via intraperitoneal (i.p.) injection using either a 1 inch, 18-gauge (IL12ns and saline) or

1/2 inch, 27-gauge needle (free rmIL12) with luer-lock 1mL syringe. IL12ns and saline were injected weekly, 12 h before timepoints T2, T4, and

T6, while the MTD was administered daily (Figure 1A). Briefly, mice were manually restrained with the body tilted downward. Injections were

administered into the peritoneal cavity using an injection site in the lower quadrant of the abdomen, lateral to the midline. Importantly, all

doses were delivered precisely 12 h prior to the blood draw the following morning. This timing allowed for analysis of the initial stimulatory

immune response (particularly the effectors IFN-g, CXCL9, and CXCL10 downstream of the IL-12 signaling pathway) following IL-12 injec-

tion.31 The 6-to-24-h period post-injection was deemed critical in human clinical trials which revealed that repeated administration of IL-12

resulted in decreased IFN-g release with subsequent injections.23 The weight adjusted MTD dose was injected immediately following a daily

weight measurement.

Peripheral blood collection

Without anesthesia, mice were cheek bled with a 4 MM Braintree Scientific (Braintree, MA) Goldenrod Animal Lancet for collection of 3–4

drops of blood (�80 mL, however, weight adjusted) into a 100 mL microvette EDTA tube at all timepoints (Figure 1A). Once collected,

decreasing pressure on the vein (by releasing the scruff hold) stopped the bleeding. If the bleeding continued, pressure was gently applied

with a gauze pad until blood clotted. To performblood draws quickly and effectively within a 30-min time frame, the study was split into a total

of four 20-animal groups with equal representation of control and experimental arms.

Synthesis of IL12ns

IL12ns were prepared via the double-emulsion solvent evaporation (DESE) method with ultrasonication as previously described.30,132 First,

under sterile conditions, the primary emulsion was formed using an Omni International (Kennesaw, GA) Sonic Ruptor 250 microprobe son-

icator set at 50% power to agitate 150 mL of aqueous (aq) solution (including 12.5 mg rmIL-12), 250 mg Resomer RG 503 H, Poly(D,L-lac-

tide-co-glycolide), and 14% w/w Sorbitan Monostearate dissolved in 1.5 mL dichloromethane (DCM) for 10 s in a Pyrex Vista test tube

held on ice bath. The 150 mL aq solution contained 136 mL of 10% w/v mouse serum albumin (MSA) and 14 mL of rmIL-12 (BioLegend). The

primary emulsion was transferred to a second Pyrex Vista test tube containing 1% w/v polyvinyl alcohol (PVA) and 4% w/v Polysorbate 80

in deionized water, and the solution was sonicated on ice at 50% for an additional 10 s to create the double emulsion. The double emulsion

was subsequently stirred for a minimum of 3 h at 1000 rpm to allow organic solvent evaporation, washed via resuspension and ultracentrifu-

gation at 47,807 g three times for 40 min, flash-frozen in liquid nitrogen, lyophilized using the Labconco (Fort Scott, KS) 700802000 FreeZone

8L �50�C Benchtop Freeze Dryer, and stored in a vacuum desiccator. Importantly, IL12ns batches were prepared weekly to ensure quality

controlled batches were injected at dosing timepoints.

IL12ns characterization

Themorphology of modified IL12ns was determined by scanning electronmicroscopy (SEM) (Nanocomposix, San Diego, CA) Hitachi (Tokyo,

Japan) S-4700 FE-SEM as previously described.30 To determine IL12ns elution profile, a 0.6% Lonza (Allendale, NJ) SeaPlaque Agarose gel
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was prepared according to manufacturer specifications and previous publication.133 Briefly, IL12ns were prepared by resuspending 1 mL of

lyophilized particle in D-PBS before aliquoting 10 mg of IL12ns into a 1.5 mL tube. IL12ns were spun for 15 min at 10,000 x g at 4�C before

pouring off supernatant, leaving pelleted particles. Upon cooling the gel to 37�C, 10 mg of IL12ns were resuspended in 1 mL of SeaPlaque

agarose gel and plated into a 24-well standard cell culture plate. Agarose/particle was then gelled at 4�C for minimum of 15 min before incu-

bating in standard cell culture conditions (37�C, 5% CO2) for an additional 15 min. One mL of release buffer [10% fetal bovine serum (FBS) in

D-PBS with 1% penicillin/streptomycin] was added on top of the gel to begin the elution study. Samples were collected every 24 h by gently

removing the supernatant above the gel (now containing eluted rmIL-12) and replacing 1mL of release buffer. This collected supernatant was

then analyzed by enzyme-linked immunosorbent assay (ELISA) for rmIL-12 concentration using murine IL-12 ELISA Max Deluxe kit

(BioLegend). Concentration (mg/mL) from each IL12ns batch was calculated by weighing dried IL12ns product after lyophilizing 1 mL of sus-

pended IL12ns in a pre-weighed 1.5 mL tube for 12 h. IL12ns yield (mg/mL) was calculated by multiplying this concentration (mg/mL) by the

total volume of which the IL12ns batch was resuspended (4 mL). Encapsulation efficiency (EE) of IL12ns was determined as previously indi-

cated.30 Dynamic light scattering (DLS) analysis was performed on a Malvern Panalytical (Worcestershire, UK) Zetasizer Nano ZS instrument

(Figure S1). All values are presented as an average Gstandard error of the mean (SE) (n = 4 or 6). Importantly, to pass quality assessment, a

newly synthesized IL12ns batch was eluted for 48 h before quantifying IL-12 release. Both the 24- and 48-h measurements must have fallen

within a standard error of the mean (SE) of 10% (in comparison to a set standard) to pass quality control and be injected thereafter.

Clinical moribundity and mortality observations

Mice were monitored daily over the course of 18 days using a standard stress assessment for signs of morbid (ill) and moribund (near death)

status, which considers overall appearance, behavior, weight change, as well as feeding patterns. Mice that met majority criteria as morbid

[hunched posture (<48 h), ruffled hair coat, erection of hair or fur, lack of grooming behavior, sunken eyes, with or without discharge, acute

diarrhea or constipation (<48 h), respiration rate increased or decreased, respiration effort mildly increased, rapid weight loss ofR10% body

weight, decreased food intake, mild dehydration or decreased water intake, unsteady gait or lameness (not experimentally induced/ex-

pected), ulcerative dermatitis, and moderate to severe fight wounds] were identified and monitored closely for acceleration into moribund

status [hunched posture (R48 h), muscle atrophy and signs of severe lethargy or unresponsiveness, inability to remain upright, prolonged

diarrhea or constipation (R48h), severe respiratory distress (agonal breathing) which is unresponsive to treatment, cyanosis (blue color to

skin or mucus membranes), rapid and spontaneous weight lossR20% body wt./emaciation, frank bleeding, unresponsive to treatment, clin-

ical dehydration (>10%) and/or prolonged lack of food intake (R48h), one ormore skin ulcers that do not heal, self-mutilation that is sustained

or debilitating, hematological or biochemical values indicative of organ failure] for which the animal then met criteria for early euthanasia. If a

mouse had two failed moribundity observations (now mortality observations), they were humanely euthanized before scheduled endpoint

euthanasia. To prevent injury at the injection site, the side of peritoneal cavity for which the injection was administered was swapped (left

or right) with each subsequent injection. Each injection site was evaluated pre- and post-injection to ensure there were no signs of infection,

scarring, bruising, or irritation. Rapid weight loss (>10% frompreviousmeasurement) was amorbid observation that was closely monitored by

daily weight measurements. Previously published data suggested significant weight loss as the driving factor for early euthanasia with IL-12

injection at toxic doses.126

Spectral flow cytometric analysis

Peripheral bloodmononuclear cells (PBMCs) were analyzed via a 16-marker myeloid and 23-marker lymphoid panel on the Cytek Biosciences

(Fremont, CA) Aurora at each peripheral blood sampling timepoint using the antibodies outlined in the key resources table and the appended

gating strategy (Figure S7). The lymphoid andmyeloid panels were designed using Cytek Full Spectrum Viewer to achieve a complexity score

of 5.63 and 4.55, respectively, before full panel titration using calculated staining indexes. Briefly, blood was prepared into a PBMC single cell

suspension usingMiltenyi Biotec (Gaithersburg, MD) Red Blood Cell Lysis 10x solution with a modified laboratory protocol. For each staining

day, a staining plate contained individual PBMCs for full staining with all dyes and antibodies, as well as PBMCs from euthanized instrument

control animals (n = 2) to generate no stain controls, single-stain samples for each fluorophore in the staining panel (sometimes performed on

compensation beads), and fluorescence minus one (FMO) controls for specific fluorophores. A live/deadmaster mix sufficient for the number

of samples plus one was prepared and added to each sample, live/dead single stain control, and all necessary FMO controls before incuba-

tion in the dark for 30min at 4�C. Following awash by adding 100 mL of PBS to eachwell before centrifugation at 1200 rpmat 4�C for 5min, a Fc

blocking master mix with volume sufficient for the number of samples plus one using 0.4 mL of Jackson Immunoresearch (West Grove, PA)

ChromPure Rat IgG, 0.4 mL of ChromPure Mouse IgG, and 19.2 mL D-PBS was added to each sample well before incubation in the dark

for 30 min at 4�C. Samples were again washed before cell surface staining with a freshly prepared surface stain master mix sufficient for

the number of full-stain samples plus one containing 50 mL Brilliant Staining Buffer and each surface-staining antibody. To FMO control wells,

each antibody-fluorophore conjugate in the staining panel minus one was added to instrument control PBMCs. Samples were then incubated

in the dark for 30 min at 4�C before two washing steps as previously described. Then, 200 mL of prepared fixation reagent was added to all

sample wells and incubated in the dark for 30 min at 25�C. Samples were then washed by adding 200 mL of 1x permeabilization buffer to each

well and centrifuging at 1200 rpm, 25�C, for 5min. Followingdecantation, an intracellular stainmastermix sufficient for the number of samples

plus one containing 30 mL permeabilization buffer and each intracellular-staining antibody was added to each full-stain sample well, appro-

priate single-stain, and FMO control wells. Samples were again incubated in the dark for 30 min at 4�C before washing two times by adding

200 mL of 1x permeabilization buffer to each well and centrifuging at 1200 rpm, 25�C, for exactly 5 min. Finally, cells were resuspended in
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200 mL D-PBS and transferred to a clean 96-well plate that was then sealed and packed for overnight shipping to UVA Flow Cytometry Core

(RRID: SCR_017829, Charlottesville, VA) for spectral flow cytometric analysis on the Cytek Aurora (Cytek Biosciences) equipped with 355nm,

405nm, 488nm, 561nm, and 633nm lasers. Acquisition was performed using the automated sample loader set to acquire 200 mL of each sam-

ple stained and prepared in 96-well plates. For analysis, data were unmixed using Spectroflo 3.0 software (Cytek Biosciences) (Figure 1B).

Unmixed flow cytometry standard (FCS) files were analyzed using FCS Express [version 7, De Novo Software (Pasadena, CA)] and pre-deter-

mined gating strategies. Plots and statistics (% of all live cells) were exported using the Batch Export function from FCS Express to Microsoft

Excel (Redmond, VA) before further statistical analysis via JMP (JMP Statistical Discovery, Cary, NC) [version Pro16] and graphical represen-

tation using GraphPad (San Diego, CA) Prism [version 9.4.1].

Plasma analysis via BioLegend LegendPlex

Peripheral plasma cytokine and chemokine analyses at all blood collection timepoints were conducted using the BioLegend LEGENDplex

Cytokine Release Syndrome Panel for quantification of IFN-g, IL-10, CCL4 (MIP-1b), IFN-a, CXCL9 (MIG), CXCL10 (IP-10), TNF-a, IL-6,

VEGF, IL-4, CCL3 (MIP-1a), CCL2 (MCP-1), and GM-CSF concentration according to manufacturer specifications for a v-bottom 96-well plate.

Briefly, following collection of peripheral blood in 100 mL Microvette EDTA tubes, plasma was isolated from �50 mL of peripheral blood by

centrifuging for 20 min at 1,0003 g within 30 min of blood collection. Plasma was then stored at�80�C for later analysis. Each plasma sample

underwent one freeze/thaw cycle and was processed at a 1:2 dilution according to manufacturer specifications. Multiplexed-plasma samples

were then read on the Life Technologies Attune Nxt (ThermoFisher Scientific) at the UVA Flow Cytometry Core Facility (RRID: SCR_017829).

Samples were gated, processed, and analyzed using the online BioLegend LEGENDplex Data Analysis Software [version 2022-07-15] before

statistical analysis via JMP [version Pro 16] and graphical representation using GraphPad Prism9 [version 9.4.1] (Figure 1B).

RNA extraction, library preparation, and next-generation sequencing of PBMCs

Total RNA was isolated from PBMCs collected at all sampling timepoints following preparation into single cell suspension using the Qiagen

(Germantown, MD) RNeasy Plus Mini Kit. Total RNA sample quality was assessed for purity by the Thermo/Spectronic BioMate3 (Spectropho-

tomer, ThermoScientific) using standard OD 260/280 range before being stored in 30 mL RNase free water at�80�C. Samples were then pro-

cessed by the UVA Genome Analysis and Technology Core, RRID:SCR_018883 using Standard Operating Procedures for an n = 3 for each

group (10 mg IL12ns, 0.1 mg IL12ns, MTD, and saline control) for both males and females at all sampling timepoints for a total of 168 total

RNA samples. Total RNA quality was checked using the Agilent (Santa Clara, CA) Tape Station 4200 along with either the RNA (5067–5576,

5067–5577, 5067–5578) or RNA HS (5067–5579, 5067–5580) kit as appropriate to the RNA concentration provided and as described by the

manufacturer’s protocols. RNA-seq libraries were prepared using New England Biolab’s (Ipswich, MA) NEBNext Poly(A) mRNA Magnetic

IsolationModule (E7490L), Globin & rRNADepletion Kit (E7750X), Ultra II Directional RNA Library Prep Kit for Illumina (E7760L), andMultiplex

Oligos for Illumina (E6440L) according to themanufacturer’s instructions. Libraries were checked for quality, size, and concentration using the

Agilent Tape Station 4200 High Sensitivity D5000 kit (5067–5592, 5067–5593) and Qubit 3.0 ThermoFisher dsDNA HS Assay Kit (Q32854). Li-

braries were pooled at equimolar concentrations and sequenced using Illumina’s NextSeq 2000 on one P2-100 (20046811) kit and four P3-100

(20040559) kits according to the manufacturer’s instructions (Figure 1B).

Bulk PBMC RNA-seq analysis

Following concatenation of FASTQ files each sequencing run (n = 2), alignment of paired-end short reads to the reference mouse genome

(mm10) was performed with subread v2.0.1.128 Reads aligned to RefSeq transcripts were summarized at the gene level by feature counts.129

The gene expression level was measured by reads per kilobase of exon model per million mapped (RPKM).130 Differentially expressed (DE)

genes were predicted by EdgeR3131 with FDR <0.05, fold change >1.5, and CPM (count per million; log2) > 0. The resulting logFc’s were then

used for targetedGene Set Enrichment Analysis (GSEA) [version GSEA_4.3.2] for analysis of four Reactome39 gene sets, including Interleukin-

12 signaling,41 Interferon gamma signaling,40 Interleukin-10 signaling,42 and TNF signaling.43 Unbiased GSEA of both the Reactome39 and

Hallmark44 gene sets were also performed. RPKMs for those related/matching genes from flow cytometric and cytokine/chemokine panels,

as well as the above Reactome pathways, were then analyzed using JMP Pro 16, with statistical significance set at p < 0.01.

Necropsy and histopathology assessment

At day 18 euthanasia (T7) (Figure 1A), following cardiac puncture exsanguination, mice were humanely euthanized via cervical dislocation un-

der anesthesia. Necropsy for collection of heart, liver, spleen, lungs, and kidneys was then performed. Each tissue was immediately placed in

5 mL of FormaFix (prepared per manufacturer protocol) before serially transecting, paraffin embedding, slicing with a microtome at 10 mm,

and placement on glass slides. Tissues were analyzed by two independent board-certified pathologists at both the WVU School of Medicine

(WVUSOM) and University of Pittsburgh Medical Center (UPMC), Departments of Pathology, as well as a Veterinarian Medical Doctor at the

University of Pittsburgh School of Medicine, blinded to both group and outcome.

For evaluation of the liver, specimens were examined for the following: portal inflammation (predominant cell type, granulomas present),

lobular inflammation (predominant location, predominant cell type, granulomas present), bile duct inflammation (cholangitis), steatosis (pre-

dominantly microvesicular steatosis), cholestasis, hepatocyte single cell necrosis, hepatocyte grouped (confluent) necrosis, hepatocyte

ballooning (hydropic change), hepatocyte mitotic activity, and other hepatocyte changes (e.g., dysplasia, pigment deposition, nuclear or
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cytoplasmic inclusions). If present, bile duct injury (nuclear displacement, eosinophilia, vacuolization), ductopenia, bile ductular reaction/pro-

liferation, sinusoidal congestion, sinusoidal dilatation, vascular thrombosis, vascular inflammation, fibrosis, or tumor was specified.

For the spleen, specimens were examined for hypoplasia, increased apoptosis, white pulp atrophy, red pulp telangiectasis, red pulp at-

rophy, red pulp congestion, increased erythrophagocytosis, fibrosis, increased pigment, increased macrophage aggregates, increased

plasma cells, white pulp hyperplasia, red pulp adipocyte hypercellularity, increased mast cells, peri-splenic inflammation, stromal cell hyper-

plasia, and increased extramedullary hematopoiesis (EMH).

For the kidneys, specimens were examined for the following: cortical interstitial inflammation (predominant cell type, granulomas present),

medullary interstitial inflammation (predominant cell type, granulomas present), tubular inflammation (tubulitis) (predominant cell type,

involved tubule location), glomerulitis (predominant cell type), arterial inflammation (arteritis), tubular degeneration/necrosis (indicating the

areas involvedwith tubular injury), tubular vacuolization, vacuolizationpattern, tubular casts, cast type, tubular dilatation, interstitial renal hem-

orrhage, renal infarct, vascular thrombosis, vascular necrosis, vascular smooth muscle vacuolization, glomerulopathy, or glomerulonephritis.

For the lung, specimens were examined for interstitial inflammation (predominant inflammatory cell type, granulomas present), airway

(bronchial/bronchiolar) inflammation, alveolar injury (if inflammation is present, predominant cell type, indicate granulomapresence), vascular

thrombosis, vascular inflammation (vasculitis), vascular necrosis, pulmonary fibrosis, and presence of tumor.

Finally, for evaluation of the heart, specimenswere analyzed for endomyocardial inflammation (predominant cell type, granulomapresent),

myocardial necrosis, myocardial fibrosis, and coronary artery changes (including thrombosis, arteritis, atherosclerosis).

For quantification of histopathological findings, total pathology (total path), total necrosis, and total inflammation scores were calculated.

Presence of the histopathological finding was indicated as a ‘‘1’’, with absence of the finding indicated as a ‘‘0’’. The total necrosis score was

calculated by summing both necrotic and fibrotic histopathological findings for each specimen. The total inflammation score was calculated

by summing those non-necrotic and non-fibrotic histopathological findings. The total pathology score equals the summation of both total

necrosis and inflammation scores. Data were then transformed to generate non-zero findings in Microsoft Excel using the below formula

where N represents number of animals within each group observed:

Transformed Histopathological Finding =

�
# of histopathological findings

�
+1

N+2

Following this data transformation, histopathological findings were then normalized to background by dividing the total pathology (total

path), total necrosis, and total inflammation scores for each experimental animal by the average total pathology (total path), total necrosis, or

total inflammation score for the respective matched-sex saline control. This normalization was completed for each of the three independent

pathological assessments and accounts for any subjectivity in analysis by the three independent reviewers.134 Normalized scores for male and

female experimental groups were then plotted within violin plots using GraphPad Prism9 [version 9.4.1]. Additional pathological findings can

be found in File S4 – Additional Pathological Findings.pdf.

RNA extraction from formalin-fixed, paraffin embedded liver, spleen, and lung specimens

A total of 72 blocks of FFPE mouse tissue (24 liver, lung, and spleen specimens) representing an n = 3 for each group (10 mg IL12ns, 0.1 mg

IL12ns,MTD, and saline control), bothmale and female, were used for RNA extraction. Four slices of 10 mm thickness from each selected block

were deparaffinized using DL-Limonene (MilliporeSigma, Burlington, MA) and digested with proteinase K (Qiagen). RNA was then isolated

usingQiagen RNeasy Plus Mini Kit according tomanufacturer protocol. The final volume of extracted RNAwas 14 mL. RNA concentration and

purity were assessed using a NanoDrop instrument. Sample concentration was measured at 260 nm and 280 nm. The ratio of optical density

260/280 and 260/230 were used to test for protein and phenol contamination, respectively.

NanoString nCounter analysis of formalin-fixed, paraffin-embedded liver, spleen, and lung specimens

A custom 42-marker nCounter CodeSet panel includingNanoString (Seattle,WA) probes forAlas1, Arg1, Ccl2, Ccl3, Ccl4, CD19, PD-L1, CD4,

CD8a, CTLA-4, Cxcl10, Cxcl9, Eef1g, G6pd, Gapdh, Gbp2, Gbp3, Havcr2, Hprt, Ifng, Il10, Il12rb1, Il1b, Il2rg, Il6, Irf1, Itgam, Itgax, Lag3, Ly6g,

Ncr1, Nos2, Polr1b, Polr2a, Rpl19, Sdha, Socs11, Socs3, Stat1, Stat3, Stat4, and Tnf was designed for targeted gene expression analysis of

FFPE-isolated RNA from liver, spleen, and lung specimens collected at euthanasia. An additional custom 30-marker nCounter CodeSet

Plus panel including probes for Abcb11, Abcb4, Abcc2, Abcc3, Apex1, Btg2, Casp3, Ccng1, Cd36, Cdkn1a, Cyp1a2, Cyp1b1, Fasn, Fmo1,

Gadd45a, Gclc, Gpx1, Gsr, Hmox1, Icam1, Lpl, Mt2, Nqo1, Ppara, Rb1, Rbp1, Serpine1, Srebf1, Thrsp, Txnrd1was also designed for targeted

gene expression analysis of the same FFPE-isolated RNA from liver specimens for analysis of drug-induced liver toxicity. Importantly, Alas1,

Eef1g, G6pd, Gapdh, Hprt, Il2rg, Polr1b, Polr2a, Rip19, and Sdhawere included as reference or housekeeping genes for each tissue analyzed.

NanoString probes are made with target-specific sequences and tag-specific sequences at 50 and 30 tailing ends. The RNA samples (150 ng)

were incubated for 24 h at 65�C in a hybridization buffer containing the CodeSet (reporter and capture probes). Hybridized samples were

processed using the Prep Station high sensitivity protocol, 3 h per 12-sample cartridge. The Prep Station purifies the RNA/probe complexes

and places them in a cartridge where they are immobilized and aligned for data collection. Data acquisition was carried out using the

NanoString nCounter Digital Analyzer with the ‘Max’ Field of View (FOV) setting to acquire 555 images per sample in a 5-h scan per cartridge

as previously described.135,136
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical power analysis determined that a minimum of eight mice (per sex) was sufficient to detect immunophenotypic differences in NK

cells via spectral flow cytometry between treated and untreated mice, to obtain 80% power, a desired p value of 0.05, and an anticipated

standard deviation (STDEV) of 33%. First, for spectral flow cytometric, cytokine, and chemokine analyses, data were analyzed using a two-fac-

tor analysis of variance (ANOVA) with interaction stratified by each sex and marker. Our interest focused on the timepoint by group interac-

tion. A Bonferroni correction was applied separately within each flow cytometric, cytokine, or chemokine analysis to account for the large

number of significance tests completed. Bonferroni correction factor was calculated using a multiple of the number of cellular population/

markers (myeloid – 112, lymphoid – 134, NK cells – 159 markers, cytokine/chemokine – 13), timepoints (7), and sex (2) for each analysis.

Only those cellular populations/markers deemed statistically significant in the above analysis were subsequently analyzed using a one-factor

ANOVA with group as the factor of interest. Those analyses were performed separately for each timepoint, sex, and cellular population/

marker. Post hoc pairwise means comparisons were done using Tukey’s HSD procedure. A further Bonferroni correction was used to adjust

for the large number of inferences tested, with statistical significance for all remaining cellular populations/markers set at p < 0.0001 (JMP Pro

16, Files S1 and S3. Error bars represent standard error of themean (SE). RNA-Seqdata generated from the study were deposited toGEOwith

an accession # of GSE241939. For bulk PBMC RNA-seq analysis, those GSEAs with an NES >1.6 and FDR <0.05 were considered statistically

significant (versionGSEA _4.3.2). Additionally, a one-factor ANOVAwith post hoc pairwisemeans comparison by Tukey’s HSD procedure was

used to compare gene expression (RPKM) between experimental groups, with significance set at p < 0.01 (JMP Pro 16, File S2. For histopath-

ological analysis, the total pathology (total path), total necrosis, and total inflammation scores were compared between experimental groups

using a one-way ANOVA with statistical significance set at p < 0.05 [GraphPad Prism9 (version 9.4.1)]. NanoString nCounter analysis was per-

formed using NanoString nSolver Analysis Software 4.0. Following selection and annotation, samples were processed using background

thresholding, with a threshold count value of 20, positive control normalization, and CodeSet content normalization using housekeeping

genes to compute a normalization factor. Low count data were omitted at this threshold count value of 20 with an observation frequency

of 0.99. Housekeeping selection for each specimen was made using Geonorm standards within the nCounter Advanced Analysis software

(version 2.0.134). Differentially expressed genes between treatment groups and saline controls were calculated using the nCounter Advanced

Analysis software. To estimate differential expression, either the mixed negative binomial model using the mle function to run the Wald test,

the simplified negative binomial model using the glm.nb function, or the log-linear model using the lm function were deployed to determine

estimated log fold-change. This estimated log fold-change and Benjamini-Yekutieli adjusted p value (* = p < 0.05, ** = p < 0.01, *** =

p < 0.001, **** = p < 0.0001) were then calculated for each experimental group in comparison to saline controls. Log2 normalized expressions

for each experimental group are graphed using GraphPad Prism9 (version 9.4.1). NanoString nCounter quality control for each 12-sample

analysis can be seen in File S5. Due to the known differences in immune response between males and females,127,137 each analysis was

completed on both sexes independently. Statistical parameters are reported in the accompanying figure legend.
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