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ABSTRACT
Background  Toll-like receptor 9 (TLR9) agonists 
induce inflammatory responses that promote the 
killing of infectious micro-organisms, cancer cells and 
develop adaptive immune responses. Their ability as 
immunomodulators to enhance the activity of checkpoint 
inhibitors (CPI) in treating liver tumors is limited in part 
by the distinctive biology of intrahepatic myeloid-derived 
suppressor cells (MDSC) and challenges with tumor-
specific therapeutic delivery. We have shown that the 
regional delivery of type C TLR9 agonist via pressure-
enabled drug delivery (PEDD) system improves delivery 
to the tumor, enhances depletion of MDSCs and overall, 
stimulates the immune system in combination with or 
without CPI. Currently, CPIs are delivered intravenously, 
although there is a growing interest in its subcutaneous 
(SQ) administration. We compared nelitolimod formerly 
known as SD-101 administered using PEDD in 
combination with systemic (Sys) or SQ CPI in murine liver 
metastases (LM).
Methods  The LM model was developed by injecting 
MC38-Luc cells via the spleen of 8–12 week old male 
C57/BL6 mice followed by splenectomy. After a week, 
fluorescently labeled nelitolimod (10 µg/mouse) was 
delivered via PEDD and co-administered anti-programmed 
cell death-1 (α-PD-1) either via Sys or SQ. Tumor burden 
was monitored by in vivo imaging system. Serum cytokine 
levels were analyzed by Luminex. Tissues were harvested 
on Day 3 (D3) or Day 10 (D10) post-PEDD to enrich 
CD45+ cells and were analyzed via NanoString targeted 
transcriptomics (D3) or flow cytometry (FC, D10) to 
interrogate immune cell populations (D10). For NanoString 
analysis, the innate immune panels were selected, and for 
FC, MDSCs (CD11b+Gr1+), B cells (B220+), dendritic cells 
(DC, CD11c+), T (CD3+) cells, and M1-like macrophages 
(F4/80+CD38+Egr2−) were quantified.

Results  Nelitolimod delivered via PEDD resulted in 
changes in innate and adaptive immune cells within 
LM, including depletion of liver MDSC and increased 
M1-like macrophages in the liver, which are supportive 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Toll-like receptor 9 class C (TLR9C) agonists de-
livered regionally using an intravascular approach 
with pressure-enabled drug delivery (PEDD), in 
combination with systemic (Sys) checkpoint inhib-
itors (CPI) can reduce suppressive myeloid cells in 
the tumor microenvironment, while providing broad 
immunostimulation.

WHAT THIS STUDY ADDS
	⇒ Monotherapy with α-PD-1 for liver metastasis (LM) 
is ineffective in controlling tumor progression in 
most patients, and subcutaneous administration is 
emerging as an alternative to intravenous infusion. 
Here we show in a murine LM model, that the PEDD 
of a class C TLR9 agonist, nelitolimod, is associated 
with the depletion of liver myeloid-derived suppres-
sor cell, increases in T-cell infiltration and M1-like 
macrophage expansion. Control of LM in combina-
tion with α-PD-1 was shown to be independent of 
the CPI delivery route, with equivalent effects for 
intravenous and subcutaneous (SQ) infusions.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The clinical development of SQ CPI for combinato-
rial regimens may increase patient satisfaction and 
compliance, reduce treatment-related costs, lower 
administrative costs and reduce resource utilization 
as compared with intravenous administration.
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of antitumor immunity. While CPI monotherapy failed to control tumor 
progression, nelitolimod and CPI combination improved LM control, 
survival and antitumor immunity beyond the nelitolimod monotherapy 
effect, irrespective of CPI delivery route.
Conclusion  The SQ route of CPI delivery was equivalent to Sys in 
combination with nelitolimod, suggesting SQ-CPI may be a rational choice 
in combination with PEDD of nelitolimod for liver tumor treatment.

INTRODUCTION
The negative regulatory checkpoints such as programmed cell 
death-1 (PD-1) receptor and cytotoxic T-lymphocyte associate 
protein (CTLA-4) expressed on T cells engage with cognate 
ligands (PD-1: programmed death-ligand 1 (PD1: PD-L1/
B7-H1, PD-L2/B7-DC; CTLA-4: CD80/B7-1, CD86/B7-2), 
and represent means by which antigen-specific immune 
responses can be restrained peripherally.1–3 In multiple solid 
tumors, PD-L1 is upregulated on tumor cells, which restrains 
effector T cells (Teff) and results in tumor-mediated immune 
exhaustion.4 Checkpoint inhibitors (CPIs) block these inter-
actions, permitting an influx of tumor-antigen-specific Teff, 
resulting in antitumor responses. Currently, there are five 
CPIs targeting PD-1 (pembrolizumab, nivolumab, cemi-
plimab, dostarlimab, and retifanlimab), three targeting 
PD-L1 (atezolizumab, avelumab and durvalumab) and two 
targeting CTLA-4 (tremelimumab, and ipilimumab) that 
are Food and Drug Administration-approved via intrave-
nous infusion to treat a variety of solid tumors across several 
settings including adjuvant, a neoadjuvant and advanced 
disease both singly and in a variety of combinations.5–8

The liver represents a uniquely immunosuppressive 
microenvironment for several reasons. In multiple 
solid tumors wherein CPIs are efficacious, the pres-
ence of liver metastases (LM) reduces response rate, 
progression-free and overall survival.9–11 In patients 
with melanoma, LM is associated with reduced numbers 
and function of CD8+ tumor-infiltrating lympho-
cytes.12 13 In general, myeloid-derived suppressor cells 
(MDSCs) accumulate in the liver in response to malig-
nant disease progression and orchestrate an immuno-
suppressive environment limiting T-cell infiltration 
and activity.14 Circulating MDSCs have been associated 
with a lack of response to CPI, and the presence of LM 
is an independent predictor of CPI treatment failure 
in multiple indications.15 16 Moreover, macrophages 
promote phagocytosis, the release of inflammatory 
mediators, and antigen presentation, thus driving 
inflammatory responses and promoting antitumor 
immunity in liver metastasis.17

In CPI-refractory melanoma, intratumoral delivery of toll-
like receptor 9 (TLR9) agonists is associated with durable 
responses and a manageable safety profile.18 19 Further, in 
CPI-naïve melanoma, response to intratumoral TLR9 agonist 
is associated with macrophage polarization and increase 
in CD8+ tumor infiltrating leukocytes.18 19 We and others 
have previously shown that pressure-enabled drug delivery 
(PEDD) improved delivery of therapeutics and reduced 
off-target tissue exposure, particularly in the liver.20–22 To 
this end, PEDD of nelitolimod represents a novel means of 

addressing the uniquely immunosuppressive tumor micro-
environment (TME) within the liver. PEDD of nelitolimod 
delivers effectively despite high interstitial pressures within 
the liver.22 Additionally, PEDD of nelitolimod reprograms 
hepatic MDSCs resulting in increased macrophage-1 like/
macrophage-2 like (M1/M2-like) ratio,23 and synergy with 
systemic α-PD-1 in preclinical models of LM.24 The efficacy 
of PEDD of nelitolimod in combination with systemic CPI 
is being evaluated in a variety of indications, including 
metastatic uveal melanoma (mUM, NCT04935229) and 
intrahepatic cholangiocarcinoma and hepatocellular carci-
noma (NCT05220722). In a phase I dose-escalation trial in 
mUM, we reported that PEDD of nelitolimod was safe at 
the optimal biologic dose (nelitolimod 2 mg) in combina-
tion with intravenous nivolumab.25 At this dose level, the 
median progression-free survival was 11.7 months, with 
81% disease control which favorably compared with studies 
of CPI in this patient population.26 27

Given the durable responses and long-term survival 
seen in a subset of CPI-treated patients, the aggregate time 
required for clinic-based intravenous infusions result in 
reduced productivity and is consistently cited as a driver 
of the exponentially increasing costs associated with these 
agents.28 This has led to a growing interest in evaluating 
SQ administration of CPIs to improve patient satisfaction, 
lower administrative costs and reduce resource utiliza-
tion compared with intravenous administration, as has 
been demonstrated with multiple other oncologic agents 
including rituximab and trastuzimab.29 To this end, multiple 
programs are evaluating the safety and clinical efficacy of 
SQ CPIs including PF-06801591,30 envafolimab31 32 and 
subcutaneous nivolumab.33 Notably, the SQ treatment was 
preferred by 80%–90% of patients and reduced the median 
infusion time (up to threefold) which led to a reduction 
in the treatment cost.34–37 The development of SQ α-PD-1 
may facilitate similar patient care and compliance, and to 
this end, multiple SQ α-PD-1 formulations are currently in 
various phases of testing.30 In general, for patients with LM, 
the inherent strong liver tolerance diminishes the ability of 
α-PD-1 or α -PD-L1 to enhance antitumor immunity and 
hence combinatorial treatment strategies have become 
imminent to improve the PD-1/PD-L1 pathway blockade. 
The present study was undertaken to determine if SQ 
CPI delivery would negatively impact the control of LM in 
combination with a class C TLR9 agonist.

We sought to characterize further the effect of 
the route of administration (systemic (Sys) vs SQ) 
of α-PD-1 on the efficacy of regional PEDD of neli-
tolimod in a preclinical model of LM. We observed 
that the antitumor effects of PEDD of nelitolimod with 
α-PD-1 were similar in Sys and SQ settings. We further 
observed that following regional PEDD administration 
of nelitolimod, multiple pathways, including angio-
genesis, cell migration, myeloid cell differentiation, 
extracellular matrix (ECM) remodeling, helper T cell 
(Th) programming, antigen presentation, cytokine 
signaling, and T-cell activation were impacted, regard-
less of the route of administration of α-PD-1. These 



3Ghosh CC, et al. J Immunother Cancer 2024;12:e008837. doi:10.1136/jitc-2024-008837

Open access

data support the further evaluation of SQ α-PD-1 in 
combination with PEDD of nelitolimod in LM.

RESULTS
Antitumor activity of PEDD of nelitolimod on LM was 
enhanced by CPIs irrespective of the delivery route
To evaluate whether the route of administration of 
α-PD-1 antibody influenced combinatorial activity with 
nelitolimod, LM-bearing mice were treated with 10 µg 

of nelitolimod delivered regionally via PEDD followed 
by α-PD-1 treatment (125 µg/mouse) delivered Sys 
or SQ as shown in the treatment schema (figure 1A). 
We found that PEDD nelitolimod as monotherapy 
and in combination with α-PD-1, irrespective of 
the route of administration, reduced LM progres-
sion compared with vehicle (Veh) at 7 days post-
treatment as measured by bioluminescence (D7, mean 
fold change±SEM over D0 bioluminescence—SQ/
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Figure 1  Antitumor activity of PEDD of nelitolimod on LM was enhanced by checkpoint inhibitors irrespective of delivery 
route. (A) Schematic representation of the experimental procedures. 8–12-week-old C57/BL6 mice were challenged with 106 
MC38-Luc cells/mouse and delivered via spleen followed by splenectomy. After 7 days mice were treated with nelitolimod via 
PEDD in combination with α-PD-1 administered Sys or SQ on days mentioned in the schema. (B) Bioluminescence values were 
determined by IVIS on D0, D2, D4, D7 and D10. Phosphate-buffered saline delivered via PV (Portal Vein) using PEDD served as 
Veh control. Fold change of the tumor burden was calculated based on D0 baseline bioluminescence (total flux/sec). Two-way 
ANOVA with Tukey’s multiple comparison test was performed to compare the tumor progression among the groups. (C) Mice 
were sacrificed on D10, and representative images (n=3–4 per group) depicting the bioluminescence at D10 and gross images 
of the harvested livers. (D) i Representative H&E images show (a–d) the morphology of tumor-bearing liver tissue followed by 
treatment (n=3); (e–h) depicting portal tract inflammation (white arrowheads) (n=3); (i–l) demonstrating lobular inflammation 
(black arrowheads) (n=3). ii Graphical representation of tumor burden data, iii table showing the presence or absence of portal 
tract or lobular inflammations within tumor-bearing liver treated with nelitolimod±α-PD-1, respectively. One-way ANOVA 
was performed to determine statistical differences among multiple groups. Data presented as the presence and absence of 
inflammation in the tissue obtained from representative mice per group are mentioned in the figure. Results are representative 
of at least three independent experiments with the cumulative n reported in the respective figures. Data is presented as 
mean±SEM; and p value is mentioned in the graph. ANOVA, analysis of variance; IVIS, in vivo imaging system; PEDD, pressure-
enabled drug delivery; PD-1, programmed cell death-1; Veh, vehicle.
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Sys/nelitolimod: 9.7±4.7/6.5±3.6/25.9±6.2 vs Veh: 
85.6±27.8; p<0.0001) (figure  1B). Similar differences 
in LM burden decreases were noted at day 10 (D10, 
mean fold change±SEM over D0 bioluminescence—
SQ/Sys/nelitolimod: 10.8±6.6/9.9±5.2/45.9±10.2 vs 
Veh: 98.70±19.92; p<0.0001) (figure  1B). Notably, 
unlike the PEDD of nelitolimod monotherapy, 
α-PD-1 monotherapy did not significantly impact LM 
progression (online supplemental figure 1A). More-
over, at D10 combination of PEDD-nelitolimod and 
α-PD-1 significantly controlled tumor progression as 
compared with PEDD-nelitolimod monotherapy (neli-
tolimod vs SQ; p<0.01 and nelitolimod vs Sys; p<0.0001, 
respectively). In summary, nelitolimod reduced LM 
burden compared with Veh and the addition of Sys or 
SQ α-PD-1 to nelitolimod further augmented tumor 
control over nelitolimod alone without any apparent 
negative impacts on the animals (figure 1B–C, online 
supplemental figure 1B-C).

Histologically, the tumors were composed of epithe-
lioid, and in some areas spindled cells were growing as 
small nodules and confluent sheets of cells (figure 1Di 
a and b) with stromal component demonstrated by 
trichrome stain in the Sys group (online supplemental 
figure 1D). Similar to the bioluminescence and the 
gross images, no tumors were identified histologically 
in the SQ and Sys groups as shown in the representative 
images (figure  1Di c and d). The histologic changes 
were consistent with LM bioluminescence data where 
the monotherapy effect of nelitolimod via PEDD was 
demonstrated and enhanced in combination with 
α-PD-1, irrespective of the route of administration. 
The mean tumor burden was significantly higher in 
the Veh group as opposed to the nelitolimod, SQ, and 
Sys group (p<0.01, figure 1Dii).

Normal liver parenchyma on treated and control 
animals was assessed to determine the broad impact of 
nelitolimod and CPI on the intrahepatic environment. 
The portal areas in the Veh and nelitolimod groups did 
not contain significant inflammatory cells (figure 1Di 
e and f). In contrast, portal inflammation composed 
mainly of lymphocytes and histiocytes was present 
in SQ and Sys groups (figure  1Di g and h). Lobular 
inflammation was absent in Veh group (figure 1Di i), 
while scattered lymphocytes and histiocytes were seen 
in nelitolimod (figure  1Di j), and more prominent 
lymphoid aggregates were seen in SQ and Sys groups 
(figure 1Di k and l). Figure 1Diii illustrates the pres-
ence of portal tract and lobular inflammation in the 
LM tissues of each group. There was no evidence of 
significant hepatocellular or biliary necrosis or organ 
damage.

Modulation of liver myeloid and lymphoid compartments by 
nelitolimod via PEDD was preserved in combination with Sys 
or SQ α-PD-1
To investigate the differential effects of α-PD-1 route of 
administration on the liver TME programming effects of 

nelitolimod, livers with established LM were harvested 
on D10, and CD45+ cells were isolated from bulk hepatic 
non-parenchymal cells. We have previously shown that 
monocytic-MDSCs (M-MDSCs) were the dominant subset 
of MDSCs in the setting of LM.24 The percentage of 
MDSCs, M-MDSCs, granulocytic-MDSCs (G-MDSCs), DC, 
B cells, T cells and, M1-like macrophages within the TME 
were quantified as per the gating strategy shown in online 
supplemental figure 2A. We found that treatment with 
PEDD of nelitolimod as monotherapy reduced MDSCs 
within TME (trending towards significance mean % of 
MDSCs±SEM—nelitolimod 15.7±2.8 vs Veh 25.9±4.5; 
p=0.07) compared with Veh, further significantly 
augmented by Sys or SQ α-PD-1 (figure 2A, mean % of 
MDSCs±SEM – SQ/Sys – 8.3±1.4/10.9±2.4 vs Veh 25.9±4.5; 
p<0.01). The ratio of M/G-MDSC was also decreased 
in all treatment groups compared with Veh (figure  2B, 
p<0.01), suggesting the reduction of the highly immuno-
suppressive M-MDSCs within the LM. We also found that 
PEDD of nelitolimod significantly increased CD11c+ DCs 
within TME, irrespective of Sys or SQ α-PD-1 (figure 2C, 
p<0.05) as compared with Veh control. The reduction 
in M-MDSCs and increase in CD11c+ DCs, was accompa-
nied by upregulation of B cells, CD3+ T cells and M1-like 
macrophages (figure  2D–F, p<0.05). Immunofluores-
cence further confirmed that nelitolimod monotherapy 
and in combination with α-PD-1 (SQ or Sys) significantly 
decreased in MDSCs within the tumor (figure 2G i a–d 
and figure 2G ii) and drove robust CD3+CD8+ T-cell infil-
tration (figure  2G i e–h and figure  2G iii) significantly 
as compared with Veh. No significant differences were 
observed between Sys and SQ α-PD-1 groups (figure 2G).

Peripheral effects of PEDD of nelitolimod in combination with 
Sys or SQ α-PD-1
In vitro cultures of normal human peripheral blood 
mononuclear cells have demonstrated that TLR9 agonists 
broadly stimulate the production of interferons (IFN), 
including IFN-α by DCs and IFN-γ by T cells.38 C-X-C 
motif chemokine ligand 10/Interferon-gamma-induced 
protein 10 (CXCL10/IP-10) is a type I IFN–induced 
chemokine that mediates T-cell migration and has been 
used as the primary pharmacodynamic marker for TLR9 
agonist-induced plasmacytoid dendritic cells (pDC) 
activation in vivo.39 To evaluate the peripheral pharma-
codynamic effects of PEDD of nelitolimod, circulatory 
cytokine profiling using Luminex was performed on 
serum collected on D3. PEDD of nelitolimod resulted 
in increased IFN-γ and CXCL10 compared with Veh and 
there were no significant differences between PEDD of 
nelitolimod monotherapy and the addition of Sys or SQ 
α-PD-1 at D3 (figure  3A–B). These results are concor-
dant with prior observations with intratumoral adminis-
tration of TLR9 agonist and suggest that the changes in 
IFN-γ and CXCL10 represent pharmacodynamic effects 
of PEDD of nelitolimod and fortify the effect of α-PD-1 
exerted after D3.

https://dx.doi.org/10.1136/jitc-2024-008837
https://dx.doi.org/10.1136/jitc-2024-008837
https://dx.doi.org/10.1136/jitc-2024-008837
https://dx.doi.org/10.1136/jitc-2024-008837
https://dx.doi.org/10.1136/jitc-2024-008837
https://dx.doi.org/10.1136/jitc-2024-008837
https://dx.doi.org/10.1136/jitc-2024-008837
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Figure 2  Modulation of liver myeloid and lymphoid compartments by nelitolimod via pressure-enabled drug delivery was 
preserved in combination with Sys or SQ checkpoint inhibitor. Liver of tumor-bearing mice were harvested 10 days post-
treatment. CD45+ cells were isolated from non-parenchymal cells. (A) MDSC cell population (CD11b+Gr1+), (B) monocytic 
MDSCs (M-MDSC; CD11b+Ly6C+/hiLy6G−/lo), (C) dendritic (CD11c+) cells, (D) B cells (B220+), (E) T cells (CD3+) and (F) M1-
like macrophage (F/4/80+CD38+EGR2−) were quantified by flow cytometry. (G) i (a–h) Tumors were isolated from each group, 
OCT-mounted tissues were sectioned, fixed, and stained for CD3 (green), CD8 (red), CD11b (green), and Gr1 (red). (G) ii–iii 
Quantification of CD11b+Gr1+ MDSCs and CD3+CD8+T cells and from tumors of mice were performed across five fields/mouse 
and n=3 mice were used per group. Scale (20 µm). Animal data were presented as mean±SEM from and n was mentioned 
in the individual graph. One-way analysis of variance was performed to determine statistical differences among multiple 
groups. MDSC, myeloid-derived suppressor cells; M-MDSC, monocytic MDSC; G-MDSC, granulocytic MDSC; OCT, Optimal 
temperature cutting compound; DAPI, 4′,6-Diamidino-2-phenylindole; SQ, subcutaneous; Sys, systemic; Veh, vehicle.
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We also performed liver and kidney function tests to 
assess the potential impact of treatment on critical organ 
function in the three treatment groups and compared 
the values with Veh group. By measuring liver-related 
assays such as aspartate aminotransferase (AST), total 
bilirubin, and total protein, we found treatment with 
nelitolimod alone or in combination with aPD-1 did not 
adversely impact hepatic function (figure 3C–E).40 Alka-
line phosphatase and alanine transaminase (ALT) levels 
remained within the normal range (online supplemental 
figure 2B). The kidney function surrogates similarly and 

did not demonstrate evidence of organ damage in any of 
the three treatment groups (figure 3F).

PEDD of nelitolimod in combination with Sys or SQ α-PD-
1 promoted transcriptomic changes consistent with 
enhancement of antitumor immunity in the liver TME
Intratumoral nelitolimod promoted IFN production and 
cellular composition and overcome resistance to α-PD-1, 
resulting in durable antitumor immunity.38 Compared 
with Veh, PEDD of nelitolimod administration resulted 
in increased expression of genes associated with IFN 

Figure 3  Peripheral effects of pressure-enabled drug delivery of nelitolimod in combination with Sys or SQ α-programmed 
cell death-1. The serum collected on D3 was analyzed for (A) IFN-γ and (B) CXCL10 (IP-10) were measured by Luminex and 
reported as fold change compared with Veh. Liver function tests were performed to monitor the level of (C) AST, (D) total 
bilirubin, (E) total protein, and (F) BUN. Normal ranges for C57/Bl6 AST: 46–221 U/L, bilirubin: 0.5–1.1 mg/dL, total protein: 
4.6–7.3 g/dL and BUN: 2–71 mg/dL. Animal data were presented as mean±SEM and n was mentioned in the individual graph. 
One-way analysis of variance and multiple t-test was performed to determine statistical differences among multiple groups. 
CXCL10, C-X-C motif chemokine ligand 10; IP-10, Interferon-gamma-induced protein 10; AST, aspartate aminotransferase; IFN, 
interferon; SQ, subcutaneous; Sys, systemic; Veh, vehicle.

https://dx.doi.org/10.1136/jitc-2024-008837
https://dx.doi.org/10.1136/jitc-2024-008837
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signaling (Ifn-γ, Isg15, Ifit1bl1, Irf7), T-cell function 
(granzyme (Gzma)), and cellular immunity (CD274/
Pd-l1, Cxcl9, Cxcl10, Cxcl11) (figure 4A). The addition 
of Sys or SQ α-PD-1 to PEDD of nelitolimod did not 
dramatically change the transcriptional profile of combi-
nation therapy (figure 4A). Mice treated with nelitolimod 
in combination with α-PD-1, delivered either via Sys or 
SQ affected most of the genes of the innate and myeloid 
panels (data not shown). As illustrated by the Venn 
diagram, approximately 70% of the genes were common 
among PEDD of nelitolimod, SQ and Sys groups signifi-
cantly modulated compared with Veh at D3 (figure 4B).

Genes such as Gzma, Ifn-γ, Fpr2, Cxcl11, Cxcl9, 
IP-10 (Cxcl10) were upregulated and Fn1, Pf4, 

Elane, Arg1, and Encep were significantly downregu-
lated as compared to the Veh group in all treatment 
groups (figure  4A and online supplemental figure 
4A). Quantitative Reverse transcription (RT)-PCR 
was performed to evaluate the expression Gzma and 
Ifn-γ in CD45+ cells isolated from LM-bearing tissue. 
We found that nelitolimod with or without α-PD-1 
enhanced the expression of Gzma (figure  4Ci) and 
Ifn-γ (figure 4Cii). Figure 4D illustrates the impact of 
treatment on critical cellular pathways. Gene signa-
tures related to cell migration and adhesion, differ-
entiation, and maintenance of myeloid cell, Th2 and 
metabolism were downregulated following treatment 
with nelitolimod via PEDD alone or in combination 

Figure 4  PEDD-nelitolimod in combination with Sys or SQ α-PD-1 promoted transcriptomic changes consistent with 
enhancement of antitumor immunity in the liver tumor microenvironment. Total RNA was isolated from the CD45+ cells of 
liver metastases, and nCounter analysis was performed using myeloid and innate panel. (A) Heat map of genes that were 
significantly upregulated/downregulated followed by α-PD-1 Ctrl, nelitolimod, Sys and SQ treatment compared with Veh control 
were plotted. (B) The Venn diagram compared genes significantly modulated by PEDD of nelitolimod/SQ/Sys compared with 
Veh. (C) i–ii Expression of Ifn-γ and granzyme were quantified by qRT PCR. (D) Pathways that were altered by nelitolimod, 
α-PD-1 monotherapy or combination therapy compared with Veh, evaluated by using nSolver advanced analysis module 
and plotted, respectively. Data presented as mean±SEM and n are mentioned in the individual graph. One-way analysis of 
variance was performed to determine statistical differences among multiple groups. qRT, quantitative reverse transcription; 
IFN, interferon; ECM, extracellular matrix; PEDD, pressure-enabled drug delivery; PD-1, programmed cell death-1; SQ, 
subcutaneous; Sys, systemic; Veh, vehicle.

https://dx.doi.org/10.1136/jitc-2024-008837
https://dx.doi.org/10.1136/jitc-2024-008837
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with α-PD-1 compared with Veh or α-PD-1 Ctrl mice 
(figure 4D, online supplemental figure 4A). However, 
pathways related to angiogenesis and ECM remod-
eling were enhanced in the combinatorial treatment 
of nelitolimod via PEDD with α-PD-1. Increased 
gene expression in relation to antigen presentation, 
IFN signaling, T-cell activation and checkpoint, and 
Th1 activation were upregulated following treatment 
with nelitolimod via PEDD alone or in combination 
with α-PD-1. Combination of PEDD nelitolimod with 
α-PD-1 either Sys or SQ increased cytokine signaling-
related gene expression. There were no differences in 
the gene expression or pathway score profiles in Veh 
versus α-PD-1 Ctrl or Sys versus SQ groups. Notably, 
the cytotoxic T-cell score was elevated in both nelito-
limod monotherapy and in combination with α-PD-1 
compared with Veh (online supplemental figure 4B).

PEDD of nelitolimod in combination with α-PD-1 improved 
the survival of tumor-bearing mice irrespective of the route of 
administration
We showed that PEDD of nelitolimod monotherapy 
promoted antitumor immunity by modulating critical immu-
nological pathways in LM associated with decreased intrahe-
patic tumor burden. To assess the durability of these effects 
in mice with LM, we conducted a survival study. The median 
survival of mice treated with nelitolimod monotherapy was 
significantly different compared with α-PD-1 Ctrl (p<0.05) 
and Veh (p<0.01) groups. The median survival days for neli-
tolimod, α-PD-1 Ctrl and Veh groups were 22, 15 and 12 days, 
respectively. Moreover, the survival curves for SQ (p<0.01 vs. 
Veh and α-PD-1 Ctrl) and Sys groups (p<0.001 vs Veh and 
p<0.01 vs α-PD-1 Ctrl) were significantly different compared 
with Veh and α-PD-1 Ctrl. The median survival days for SQ 
and Sys groups were 28.5 and 24 days, respectively, and there 
were no significant differences between SQ and Sys groups 
(figure 5). The addition of Sys or SQ α-PD-1 to PEDD of 
nelitolimod further improved survival significantly, with 
44% (4/9) of Sys and 50% (4/8) of SQ mice alive at D35, 
compared with no surviving animals in the other groups 
(figure  5). The corresponding tumor burden was similar 
to figure 1B with individual time-dependent data points up 
to D35 as shown in online supplemental figure 5, demon-
strating antitumor effects of PEDD of nelitolimod mono-
therapy and in combination with α-PD-1. We concluded that 
in this aggressive LM model, survival was extended by nelito-
limod monotherapy and was further augmented by α-PD-1 
combination therapy.

DISCUSSION
The present study was conducted to determine if SQ CPI 
could enhance the monotherapy effect of nelitolimod 
delivered via PEDD in a murine model of LM as previously 
reported for systemic α-PD-1.24 41 This study could impact 
combinatorial immunotherapy approaches to treat intrahe-
patic tumors. We demonstrated that the augmentation of 

antitumor efficacy of PEDD nelitolimod in combination with 
SQ α-PD-1 is similar to Sys α-PD-1. The differential effects 
across treatment groups on LM progression and outcome 
were associated with liver TME modulation, with favorable 
changes including liver MDSC depletion, enhanced T-cell 
infiltration, and transcriptomic changes across various 
immunologic pathways. Nelitolimod monotherapy initiated 
the TME programming effects, and the addition of SQ or Sys 
α-PD-1 significantly enhanced the control of LM in conjunc-
tion with the prolongation of animal survival times.

Nelitolimod is currently undergoing clinical evalua-
tion in three-phase 1/1b trials for liver (NCT04935229, 
NCT05220722) and pancreatic tumor (NCT05607953) 
patients. The selection of nelitolimod for these indications 
was based on the ability of this class C TLR9 agonist to exert a 
dual mechanism of action in the liver TME: (1) Liver MDSC 
depletion with favorable myeloid compartment reprogram-
ming and (2) broad TME modulation to support T-cell infil-
tration and enhanced CPI performance. As a class C TLR9 
agonist, nelitolimod may potentially have specific properties, 
rendering it more suitable for addressing the distinct immu-
nosuppressive pathways present in the setting of LM.42 43 
Here, we confirmed that the route of α-PD-1 administration 
did not impact the ability of combination with PEDD of neli-
tolimod to control LM in a murine model.

The favorable antitumor effects of PEDD of nelito-
limod in combination with α-PD-1 in the murine LM 
model align well with early clinical results from a phase 
1 trial for patients with uveal melanoma LM.44 Although 
the projected cost reduction, including reduced infusion 
time and drug manipulation costs are appealing, the 
SQ formulation might require higher doses. Prolonged 
disease control, favorable myeloid reprogramming, 
enhancement of T-cell antitumor functionality, and favor-
able change in circulating tumor DNA seen in phase 1 trial 
patients align with the bioluminescence data reported 
herein (figure  1B). In addition, liver MDSC depletion, 
induction of T-cell activation in LM, and increase in 
peripheral cytokine have also been seen in the clinic.25 
Importantly, the lack of liver or renal toxicity seen in the 
murine model resonates with a severe treatment-related 
adverse event rate of 5% in phase 1 patients receiving 
nelitolimod+intravenous α-PD-1 therapy, which was 
recently reported.44

A limitation of this work is that we did not conduct 
pharmacokinetic (PK) studies to compare the absorption 
profiles of Sys or SQ α-PD-1 in the presence of nelitol-
imod. Johnson et al performed a safety, efficacy, and PK 
study of PF-06801591, where an intravenous dose of 0.5, 
1, 3, or 10 mg/kg was administered every 3 weeks, or a 
300 mg/patient via SQ was administered every 4 weeks.30 
Intravenous PF-06801591 showed linear PKs over the dose 
range of 0.5–10 mg/kg, but the first SQ dose was absorbed 
slowly, and an additional monthly dose resulted in a drug 
level comparable to the intravenous infusion.30 Notably, 
the antitumor efficacy of Sys and SQ α-PD-1 combined 
with nelitolimod were equivalent. In this study, we have 

https://dx.doi.org/10.1136/jitc-2024-008837
https://dx.doi.org/10.1136/jitc-2024-008837
https://dx.doi.org/10.1136/jitc-2024-008837
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shown that nelitolimod via PEDD was crucial to alter the 
TME and demonstrated monotherapy activity, but the 
addition of α-PD-1, irrespective of the route of adminis-
tration, further potentiated LM control. SQ administra-
tion of CPIs is convenient and economical compared with 
the recommended intravenous delivery of CPIs.

While combining PEDD of nelitolimod with Sys or 
SQ α-PD-1 resulted in superior outcomes, nelitolimod 
monotherapy significantly diminished LM progression. 
Nelitolimod also appeared to be largely responsible for 
liver MDSC depletion, particularly the M-MDSC subset, 
along with the broad TME effects documented earlier.44 
Nelitolimod activates the TLR9 pathway via Nuclear 
factor-κB (NF-κB) activation and deactivates signal trans-
ducer and activator of transcription 3 (STAT3) in myeloid 
cells which induces MDSC apoptosis and a shift toward 
M1-like macrophage programming.24 It has been shown 
that MDSCs expand both in human and mouse liver 
cancers, correlating with poor clinical outcomes.45 In 
general, MDSCs can be found in circulation and within 
LM.46 Also, the infiltration of B cells is associated with the 
survival of patients with colorectal cancers (CRC) and 
activated B cells can inhibit LM in murine CRC models.47 
Nelitolimod via PEDD promoted liver B-cell expansion in 
this model. As such, the dual mechanism of action of neli-
tolimod in LM, with its effect on myeloid cells and broad 
TME programming, may be well suited to enhancing 
α-PD-1 performance in intrahepatic malignancy.

Tumors secrete diverse circulatory factors that promote 
the migration and accumulation of MDSCs into the 
hepatic tissues. Moreover, tumor-induced liver MDSCs are 
more immunosuppressive than peripheral MDSCs.48 The 
TME myeloid programming effect of nelitolimod extends 
beyond MDSC. Nelitolimod promotes the expansion of 
M1-like macrophages and drives the contraction of the 
M2 subset.24 There were no additive effects of α-PD-1 with 
nelitolimod in reducing MDSCs and in upregulating the 
infiltration of B, CD11c+, and T cells to the LM compared 
with nelitolimod monotherapy, suggesting that PEDD 
is primarily responsible for the favorable TME effects 
demonstrated in this model. Based on clinical trial LM 
biopsy sample analysis, nelitolimod monotherapy has 
similar effects in patients.44

Transcriptomic analysis revealed that while α-PD-1 treat-
ment alone had minimal impact on critical TME immune 
signatures, PEDD nelitolimod in combination with either 
Sys or SQ α-PD-1 favorably modulated multiple immune 
signatures in the TME as evidenced by the increases in 
Gzma, and chemokines critical to monocyte (Cxcl10 and 
Cxcl11) and DC (Fpr2) traffic.

This study also highlights that PEDD-based delivery of 
nelitolimod effectively delivers the drug throughout the 
liver in the setting of LM, which may be associated with 
favorable effects on intravascular pressure and flow.21 In 
clinical trials, nelitolimod delivered by PEDD has been 
associated with a tolerable safety profile with or without 
CPI, and PK data demonstrate high intrahepatic drug 
levels with low systemic exposure.20 44 49 Immune-related 

adverse events (irAEs) of CPIs are widespread and both 
Sys and SQ delivery demonstrated equivalent serious 
irAEs,30 50

Our data demonstrates that either SQ or Sys α-PD-1 
enhanced the monotherapy effect of PEDD of nelito-
limod and were similar regarding safety, immunolog-
ical responses, and antitumor efficacy. Data from the 
murine LM PEDD model presented herein aligns with 
recent phase 1 clinical data.25 PEDD of nelitolimod had 
favorable immunomodulatory effects on the liver TME, 
and this addition of CPI, irrespective of administration 
route, has the potential to support durable disease 
control.

MATERIALS AND METHODS
Mice, in vivo model, and treatment
We purchased C57BL/6J (stock number: 000664), aged 
8–12 weeks from Jackson Laboratories (Bar Harbor, Maine, 
USA) and housed under pathogen-free conditions in the 
Association for Assessment and Accreditation of Labora-
tory Animal Care (AAALAC)-approved Animal Research 
Facility at Lifespan, Coro East (Rhode Island, USA). All 
surgical procedures were performed as per Lifespan’s 
Institutional Animal use and Care Committee’s approved 
protocol (Protocol#: 5010–22). To develop LM model, we 
injected 1.0 e6 MC38- Luc cells (Ubigene, China) via the 
spleen, followed by splenectomy as described previously.24 
After 7 days mice were randomized into different treatment 
groups based on their tumor burden and treated with 10 µg 
nelitolimod labeled with IRD-800 delivered via portal vein 
(PV) using PEDD with or without α-PD-1 antibody (BE0146; 
clone: RMP1-14, Bio X Cell, New Hampshire, USA) admin-
istered either via intraperitoneally (Sys: PEDD SD101+IP 
α-PD-1 antibody) or subcutaneously (SQ: PEDD SD101+SQ 
α-PD-1 antibody). The α-PD-1 antibody was administered 

Figure 5  PEDD-nelitolimod in combination with α-PD-1 
improved the survival of tumor-bearing mice irrespective 
of the route of administration. Kaplan-Meier survival curve 
of liver metastases-bearing mice followed by intravascular 
PEDD nelitolimod with α-PD-1 administered either Sys or 
SQ. n denotes the number of mice in each group. Log-rank 
test was performed to determine the statistical differences 
among groups. n is mentioned in the individual graph. PEDD, 
pressure-enabled drug delivery; PD-1, programmed cell 
death-1; SQ, subcutaneous; Sys, systemic; Veh, vehicle.
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on D0; D2; D4 and D7. Tumor progression was monitored 
by using IVIS Lumina III Imaging System (PerkinElmer, 
Connecticut, USA) on D0, D2, D4, D7 and D10 described 
before.49 Briefly, tumor-bearing mice were injected with D-lu-
ciferin (150 mg kg−1, PerkinElmer, Connecticut, USA) via 
intraperitoneal (IP) route and luminescence-positive signals 
were detected by IVIS Spectrum CT system after 10 min 
injection. For some experiments, dissected liver tissues were 
subjected to imaging analysis. Metastatic lesions were further 
validated by H&E histological analysis. Masson’s trichrome 
staining against collagen fibers.

Mice were sacrificed on D3 and D10, blood and liver 
were collected. Non-parenchymal cells (NPCs) were 
isolated from the liver, followed by isolating CD45+ 
cells using immuno-magnetic beads (Miltenyi Biotech, 
Massachusetts, USA) as described earlier.43 Flow cytom-
etry (CytoFLEX, Beckman Coulter, Indiana, USA) 
was performed to determine MDSCs, T, B, dendritic 
(CD11c+) cells, total RNA collected from CD45+ cells at 
D3 was used for NanoString analysis (nCounter, NanoS-
tring, Washington, USA) and circulatory cytokines 
such as IFN-γ, CXCL10 (IP-10), interleukin (IL)-6, 
IL12, IL-18, IL-2R and Monocyte chemoattractant 
protein-1 (MCP1) were analyzed using ProcartaPlex 
Luminex kit (Thermo Fisher Scientific, Massachusetts, 
USA) and were measured by Magpix (Luminex Corp, 
Texas, USA). Only detectable cytokines were reported. 
For the survival assay upto D35, the α-PD-1 antibody 
was administered on D0, D2, D4, D7, and D10 and in 
vivo imaging system was performed on D0, D2, D4, D7, 
D10, D14 and twice a week afterwards upto D35.

H&E, trichrome mason and immunofluorescence staining
H&E-stained liver tissues were evaluated under the 
light microscope for tumor burden, tumor necrosis, 
portal inflammation, and lobular injury by two 
observers (gastrointestinal and liver pathologist). In 
addition, fibrosis was evaluated on trichrome-stained 
slides. Images were taken (Olympus BX41, Japan) 
and the tumor burden was calculated as a percentage 
of the tumor per whole tissue section. Cryosectioned 
tissue (5 µm thick) was made and fixed on slides by 
iHisto (Massachusetts, USA). Primary antibodies and 
their corresponding clones used for immunofluores-
cence (IF) staining: CD11b; E6E1M (Cell Signaling, 
Massachusetts, USA), GR1; RB6-8C5 (BioLegend, 

California, USA), CD3; SP7 (Novus Biologicals, USA) 
and CD8a; 53–6.7 µ (BioLegend, California, USA). For 
DAPI (4′,6-Diamidino-2-phenylindole) staining and 
mounting, Molecular Probes Prolong Diamond Anti-
fade Mountant with DAPI from Thermo Fisher Scien-
tific (Massachusetts, USA) was used. Slides were imaged 
using the PhenoImager from Akoya Biosciences (Massa-
chusetts, USA). Images were quantified by ImageJ 
software.

Antibodies for flow cytometry
Antibodies used to determine the following antigens 
along with clones are given below.

Gr1 (Ly6G/Ly6C, RB6-8C5), CD11b (M1/170), Ly6C 
(AL-21), and Ly6G (1A8) obtained from BD Biosciences 
(California, USA), F/480 (BM8), CD3 (17A2clones), 
B220 (B cell) and CD38 (90) obtained from BioLegend 
(California, USA) and EGR2 (ERONGR2) procured 
from Thermo Fisher Scientific (Massachusetts, USA). 
Zombie NIR (BioLegend, California, USA) was used as 
a cell viability dye. Single-cell suspensions of samples 
were acquired using a CytoFLEX LX Flow Cytometer 
and analyzed by CytExpert (Beckman Coulter, Indiana, 
USA).

NanoString analysis
Total RNA was isolated from immune magnetically 
separated CD45+ cells from LM. At D3 of the treatment 
LM was harvested followed by NPC isolation.24 46 Mouse 
CD45+ microbeads were added to the single cells and 
CD45+ cells were isolated using LS columns (Miltenyi 
Biotec, Massachusetts, USA). By using the RNeasy Plus 
Kit (Qiagen, Maryland, USA), total RNAs from the 
CD45+ cells were isolated. Mouse nCounter Myeloid 
Innate Immunity V.2 (NanoString, Washington, USA) 
panel was used to evaluate the RNA samples. NanoS-
tring—nCounter Sprint Profiler was used at the 
Genomics core, Brown University (Providence, Rhode 
Island, USA). The nSolver V.4.0 software package was 
used to perform advanced analysis.

qRT-PCR
Isolated RNAs from CD45+ cells were reverse transcribed 
by using an iScript cDNA Synthesis Kit (Bio-Rad, Cali-
fornia, USA), and SYBR Master Mix (Bio-Rad) was used 
for quantitative PCR by using the following primers:

Primers Forward Reverse

Ifn-γ ​TGCC​AAGT​TTGA​GGTC​AACAAC GTGGACCACTCGGATGAGC

Gzma ​CAAACGTGCTTCCTTTCGGG ​CGTGGAGGTGAACCATCCTT

Rpl27 ​GAGGAGCGATACAAGACAGG ​CCCA​GTCT​CTTC​CCAC​ACAAA

For all samples, ΔCt values were calculated, and Rpl27 
(mouse) was used to normalize the gene expression.

Statistics
Statistical significance was analyzed by using one-way anal-
ysis of variance (ANOVA), two-way ANOVA and multiple 

t-tests as mentioned in figure legends. For one-way and 
two-way ANOVA Tukey’s post hoc multiple comparison 
test was performed. For multiple t-test, two-stage step-up 
procedure of Benjamini, Krieger, and Yekutieli, with 
Q=1% was performed. Prism (V.10) software (GraphPad, 
San Diego, California, USA) was used to analyze data. For 
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all studies, values of p<0.05 was considered statistically 
significant.
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