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Abstract

The impact of liver metastases on immune checkpoint-inhibitor effectiveness in patients with 

solid-tumor malignancies has been the focus of several recent clinical and translational studies. We 

review the literature describing the immune functions of the liver and particularly the mechanistic 

observations in these studies. The initial clinical observation was that pembrolizumab appeared 

to be much less effective in melanoma and non–small cell lung cancer (NSCLC) patients with 

liver metastasis. Subsequently other clinical studies have extended and reported similar findings 

with programmed death-1 (PD-1) and programmed death ligand-1 (PD-L1) inhibitors in many 

cancers. Two recent translational studies in animal models have dissected the mechanism of this 

systemic immune suppression. In both studies CD11b+ suppressive macrophages generated by 

liver metastasis in a two-site MC38 model appear to delete CD8+ T cells in a FasL-dependent 

manner. In addition, regulatory T-cell (Treg) activation was observed and contributed to the 

distal immunosuppression. Finally, we discuss some of the interventions reported to address 
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liver immune suppression, such as radiation therapy, combination checkpoint blockade, and Treg 

depletion.

Introduction

Not all sites of metastasis in solid tumors are equal in their impact on treatment outcome; 

some, such as liver metastasis, have a disproportionate impact on survival and treatment 

response in the context of immunotherapy. Herein we review the recent experimental and 

translational advances demonstrating that systemic anticancer immune responses can be 

shaped by the liver.

The liver is anatomically, histologically, and functionally unique (1). It processes blood 

flowing from the gut through its complex lobular architecture, detoxifying and extracting 

nutrients from the portal venous blood. It is immunologically unique in the number and 

types of conventional and nonconventional antigen-processing cells which enable the liver 

to simultaneously tolerize T cells to the innocuous nutrient and commensal bacteria antigen 

load from the gut while also, in general, enabling potent immune responses to pathogenic 

microbes. Anatomically, the liver has portal inflow and a central vein outflow arranged in 

a hexagonal lobular structure with fenestrated capillaries that allow direct contact between 

circulating T cells and hepatocytes. Also uniquely amongst organs, the liver is able to 

regenerate up to 90% of its volume and is able to scale to body size (2). This compensatory 

hyperplasia is not due to a specialized stem-cell population as in the gut, skin, or bone 

marrow but is present in midzone hepatocytes and can be activated following infection, 

injury, or hepatectomy (3, 4).

The uniquely tolerogenic immune orientation of the liver was initially described by 

Calne and colleagues in a set of experiments in pigs where it was shown that major 

histocompatibility complex (MHC)–mismatched liver allografts could be successfully 

grafted (5). This ability to accept mismatched allografts is without parallel in other solid-

organ transplants (reviewed in ref. 6). In humans, liver transplant recipients require less 

immunosuppression than do renal or cardiac transplant recipients. In addition, patients 

with liver allografts can be weaned off immunosuppression (which is not possible in most 

instances in renal or cardiac grafts) and liver allografts can tolerize the recipient to other 

types of grafts such as renal, cardiac, or skin allografts (5). Interestingly, injection of antigen 

into the portal vein (as compared with the inferior vena cava) results in tolerance (7). These 

data highlight that the liver can regulate systemic immune responses.

Several proposed mechanisms exist for liver graft tolerance. One model is that antigen-

presenting cells (APC) in the liver, Kupffer cells, stellate cells, and liver sinusoidal 

endothelial cells (LSEC) present antigens in a tolerogenic fashion. Allospecific T cells 

which are educated within the liver are consequently either tolerized or deleted. Supportive 

of this model, delivery of ovalbumin, a strongly immunogenic protein for mammals, into 

the stomach leads to tolerization to future exposure; this oral tolerization can be abolished if 

blood from the gut is diverted from the liver using a mesenteric-portal shunt (8). In ex-vivo 
models, LSECs can present ovalbumin to T cells and activate them but bias them towards 

a tolerogenic cytokine program (9). Indeed LSECs from orally administered ovalbumin-
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tolerized mice can be transferred into mice and can be tolerized to ovalbumin which is 

typically associated with a marked immune reaction (9). Liver APCs appear to be able to 

tolerize when injected into the portal vein (10). An additional mechanism for tolerance is 

the induction of regulatory T cells (Treg) by LSECs as seen in nanoparticle delivery of 

antigen to LSEC in an experimental allergic encephalomyelitis model (11). Natural Killer 

(NK) cell- hepatocyte interaction via NKG2A has also been shown to induce Tregs (12) 

in the liver. In addition, the liver acts as a graveyard for activated T cells that become 

trapped and eventually destroyed in the liver by clonal deletion (13). These data as well as 

others reviewed here (14) collectively highlight the immune functionality of the liver and its 

suppressive milieu.

It has been postulated that some viruses [e.g., hepatitis C virus, hepatitis B virus (HBV)] 

“hijack” the liver’s tolerogenic mechanisms resulting in ineffective or transient priming of 

CTLs and subsequent incomplete clearance of infection. Interestingly, virus-specific CD4 

and CD8 T-cell responses are able to successfully clear the virus in a minority of patients, 

with viral control being associated with a greater breadth and depth to the T-cell response. 

Failure of these T-cell responses is associated with viral persistence (15). There are multiple 

inhibitory pathways that contribute to T-cell dysfunction in chronic hepatitis, including: 

(i) extrinsic regulation through Tregs and cytokines; (ii) intrinsic regulation through 

coinhibitory molecules like programmed death-1 (PD-1) or CTL-associated antigen-4 

(CTLA-4); and (iii) deletion of T cells that are able to recognize the virus (16-18). These 

mechanisms enable virus persistence, and highlight the Achilles heel of hepatic immune 

tolerance.

T-cell priming in lymphoid tissue and the tumor microenvironment

Recent research has highlighted the importance of antigen cross-presentation with 

costimulation by dendritic cells (DC) to naïve T cells (19, 20) for effective immunotherapy. 

In lymphoid tissue or in the tumor microenvironment (TME), type-1 conventional DC 

(cDC1) are crucial for cross-presentation to CD8+ T cells and deletion of these cells 

abrogates antitumor immunity (21). While these cells are rare, the frequency of these cells 

in the TME is a crucial determinant of T-cell infiltration, immune checkpoint inhibitor (ICI) 

response and of survival. Another potent DC subtype in the TME is the cDC2 which present 

antigen to CD4 cells and can in some cases prime the immune system for tumor rejection 

in the context of ICI (22). Phenotypically, cDC1 express the BATF3 transcription factor and 

are CD11c+, MHC-II+, CD8α+, (resident) CD103+, (migratory) CD24+, XCR1+, CLEC9A+, 

DEC205+, and essentially prime CD8+ T cells while cDC2 express CD11c+, MHC-II+, 

CD11b+ (high), CD172a+, and prime CD4+ cells (19).

T-cell priming in the liver

In contrast to the efficient priming described above, in the liver, priming often results in 

tolerized or anergic T cells. Portal vein blood is replete with microbial products from the 

gut, including endotoxic lipopolysaccharide (LPS). The presence of persistent low-level 

LPS in portal blood coming into the liver results in tonic stimulation of toll-like receptor 

4 (TLR4) on multiple liver-cell types. The liver contains a large and diverse population 

of APCs including a large population of plasmacytoid and myeloid DC, resident hepatic 
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macrophages called Kupffer cells, LSECs, and hepatic stellate cells (HSC). All of these cells 

are capable of presenting antigens to T cells. Kupffer cells, representing the vast majority 

of all tissue-resident macrophage populations in the entire body (23), are predominantly 

tolerogenic. They present antigen to T cells along with PGE2 (24), nitric oxide (25), and 

IL10 and especially in the presence of low levels of LPS, do so without costimulation. 

Kupffer cells have been implicated in portal vein and oral antigen tolerance. Although 

Kupffer cells are typically tolerogenic, when TLR 3 or TLR9 ligands are present they 

can prime T cells (26). LSECs, unlike Kupffer cells are fully capable of cross-presenting 

antigens to T cells but express PD-L1 and as a result also promote T-cell anergy (26). 

While hepatocytes are also able to interact with T cells directly due to the unique 

fenestrated capillary network in the liver, their cross-presentation of antigen in the absence 

of costimulation can result in T-cell anergy (27, 28). In this regard, there is interesting data 

(29) that HBV core or envelope antigen presentation by Kupffer cells results in efficient 

priming and Teff differentiation, while HBV core or envelope presentation by hepatocytes 

results in dysfunctional CD8+ cells that could be rescued by IL2 but not PD-1 blockade. 

These data cumulatively show that hepatic tolerance is carried out by an immunosuppressive 

network of diverse cell types and the complexity of hepatic priming.

Clinical data with liver metastasis treated with ICI

The initial observation of reduced response to PD-1 blockade in patients with liver 

metastasis was made by Tumeh and colleagues in 2015 (30); it was noted that in 112 

patients treated with pembrolizumab, the overall response rate (ORR) was of 16% and 

median progression-free survival (PFS) of 2.79 months in patients with liver metastasis 

versus an ORR of 40% and a median PFS of 5.58 months in all patients. An update by 

Goldinger and colleagues (31) in a larger sample (n = 336), multivariate analysis confirmed 

the predictive value of liver metastasis. In a subsequent publication, it was demonstrated that 

the liver metastasis subgroup had a reduced PFS (median PFS, 5.1 months) compared with 

patients without liver metastasis (median PFS, 20.1 months; P <0.0001); this finding was 

confirmed in a separate validation cohort (32). These findings were replicated in patients 

with non–small cell lung cancer (NSCLC); here, the PFS was also significantly reduced 

in patients with liver metastasis [median PFS 1.82 months; 95% confidence interval (CI), 

1.36–2.02] compared with those without liver metastasis (median PFS 4.03 months; 95% CI, 

2.12–5.09) and objective response rates were significantly lower as well (Fig. 1; ref. 32).

Given the differences in clinical response, Tumeh and colleagues (32) investigated if biopsy 

samples from patients with melanoma liver metastasis had reduced CD8+ T-cell infiltration 

at the invasive margin (33) which had been reported to correlate with PD-1 response. 

Indeed, in 61 patients, fewer CD8+ T cells were found in nonresponders as compared with 

responders to PD-1 (as previously reported). In addition, The CD8+ T-cell count at the 

invasive margin was also significantly lower in the liver metastasis group compared with 

the nonliver metastasis group (liver metastases group mean count 547, nonliver metastases 

group, mean count 1,441; P < 0.016). Additionally in 35 nonliver (mostly skin) biopsies 

from patients who also had liver metastasis, reduced CD8+ T-cell infiltration was seen at the 

invasive margin in these distant nonliver metastases.
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In a separate clinical trial of patients with melanoma, renal cell carcinoma (RCC) or NSCLC 

treated with nivolumab (CA 209–003), Topalian and colleagues examined the impact of 

liver metastasis on survival at 5 years and found in a multivariate model that the overall 

survival (OS) OR was 0.31 (95% CI, 0.12–0.83; P = 0.02; ref. 34). In yet another study, 

done in Australia, 140 patients with melanoma treated with ipilimumab and a PD-1 antibody 

were evaluated (35). In this study, patients with liver metastases had an inferior ORR (ORR, 

0.33; P = 0.02), PFS [PFS, hazard ratio (HR), 4.03; P < 0.01], and OS (OS, HR, 3.17; 

P = 0.01) compared with those without liver metastasis. A larger recently published study 

(36), examined the effect of liver metastases on 1,009 patients with advanced melanoma. 

Here, liver metastasis was associated with a HR of 2.22 for death (95% CI, 1.48–3.33; 

P < 0.001) and 2.0 for progression (95% CI, 2.00; 1.36–2.79; P < 0.001) in a Cox 

proportional hazard model. The authors concluded that the presence of liver metastasis, 

elevated lactate dehydrogenase (LDH) and Eastern Cooperative Oncology Group (ECOG) 

performance status had a more significant impact in multivariate analysis than American 

Joint Committee on Cancer (AJCC) version 8 stage. Interestingly, the same group reported 

that MAP Kinase–targeted therapy was not associated with the same detrimental impact in 

patients with melanoma with liver metastasis (37).

The presence of liver metastases is also associated with worse prognosis in other tumor 

types. In NSCLC, Sridhar and colleagues (38) examined 569 patients enrolled in the 

ATLANTIC and 1,108 trials who were treated with the PD-L1 inhibitor durvalumab at 

10 mg/kg every 2 weeks. A multivariate Cox proportional hazards analysis found that 

the presence of liver metastasis was associated with worse ORR, PFS, and OS. In the 

ATLANTIC study, the HR for OS in the multivariate Cox model was 2.20 for patients 

with liver metastasis as compared with those without (P < 0.0001), while in the 1,108-trial 

study, the HR for OS was 1.91 (P = 0.0001) for a similar comparison in a multivariate Cox 

analysis. Recently a meta-analysis of 10 trials with PD-1/PD-L1 in NSCLC was conducted 

and showed a HR of 1.73 for liver metastasis (HR = 1.73; 95% CI, 1.35–2.20; I2 = 69.4%; P 
< 0.001; ref. 39).

In urothelial cancer, in patients treated with the PDL-1 inhibitors atezolizumab (n = 405), 

durvalumab (n = 242), and avelumab (n = 198) in the second line following platinum-based 

chemotherapy, liver metastasis had a HR of 1.55 for OS in a multivariate analysis and have 

been incorporated into a prognostic model (40). In the first-line setting, patients treated with 

ICI also had worse outcomes if liver metastases were present (n = 370, liver metastasis ORR 

17% versus no liver metastasis 30%; ref. 41). Collectively, these publications highlight that 

patients with liver metastasis derive reduced clinical benefit from ICI across multiple cancer 

types.

Translational Modeling of Liver Metastases

Murine tumor models are critical to our understanding of novel clinical observations as they 

enable rigorous reverse-translational hypothesis testing and development. While murine cell 

line-derived allograft (CDX) models have been useful for targeted therapy, these models 

are not as useful for modeling immune therapies. Genetically Engineered Mouse models 

(GEMM) are also useful in expressing a specific oncogene or knockout in an immune-intact 
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mouse. However, they have limitations including long latency periods and unpredictable 

metastatic biology making them less tractable for studying metastasis site (42). Given these 

issues, the workhorse of cancer immunotherapy research for the last 2 decades has been 

the single-tumor inoculation of syngeneic cell lines. Indeed, these models have led to the 

successful development of modern immunotherapeutic such as ICIs and chimeric antigen 

receptor (CAR) T-cell therapies (43, 44). To date, the generation and use of syngeneic cell 

lines matched with many different mouse genetic backgrounds has enabled the study of ICI, 

with response rates similar to those seen in the clinical setting (45).

Although the single-tumor syngeneic immunocompetent mouse model has been useful, 

alternative models are needed to recapitulate the complexity of human cancer. For instance, 

immunotherapy is deployed predominantly in metastatic or unresectable disease, which 

accounts for approximately 90% of cancer-related deaths (46), raising the possibility 

that the majority of single-site mouse models today do not capture the complexities of 

metastatic-cancer immunobiology. The observation of reduced systemic immunotherapy 

efficacy in patients with liver metastases suggests tumor involvement in specific organs can 

impact systemic antitumor immunity or influence the tumor-immune microenvironment at 

distant tumor sites. Since the immune system is interconnected, it is certainly possible that 

immunity, or suppression, from one anatomic site can transfer to another. The earliest efforts 

that studied the observation known as concomitant tumor immunity involved inoculums 

of tumor cells at two separate subcutaneous (SC) sites. The inoculation of tumors at a 

primary site can result in the immunogenic tumor-bearing host rejecting inoculums of a 

similar tumor at a distant site, in a process mediated by T cells that were capable of 

memory and trafficking (47-49). If antitumor immunity can be induced distantly, it raises the 

question of whether the reverse can occur- can tumors within select organ tissues actively 

suppress concomitant tumor immunity at distant sites, adding to the immunologic challenge 

of treating metastatic cancer?

The liver has been reported to be locally immunosuppressive and systemically tolerogenic in 

the context of infectious disease and transplantation, as reviewed above. In cancer research, 

most preclinical work focuses on the locally suppressive intrahepatic TME. Greten and 

colleagues have developed several murine models that examined the immunosuppressive 

liver TME in the context of hepatocellular carcinoma (HCC) and showed inhibitory 

modulation of intrahepatic NK and NK T cells results in the loss of antitumor immunity 

within the liver (50, 51). A list of other preclinical models that studied the local liver TME 

is summarized in a recent review (52). These models, however, do not accurately capture the 

impact of liver metastases on systemic antitumor immunity, which is needed to address the 

tolerogenic organ’s impact on cancer immunotherapy in patients with liver metastases.

To address these issues, a murine model developed by Kershaw and colleagues. was the 

first to incorporate 2 syngeneic tumors orthotopically implanted at different tissue sites 

to investigate their influence on each other’s response to immunotherapy (53). Using the 

Renca RCC model, mice were inoculated with a SC tumor and a second tumor in the 

kidney, liver, or SC tissue. Interestingly, the mice with two SC tumors had a significantly 

better response to a triple immune-agonists antibody therapy (anti-CD40, anti-CD137, 

and anti-DR5) than those with other tumor configurations. Although the authors did not 
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investigate the mechanism of the synchronous liver-tumor mediated suppression, their data 

demonstrated that the kidney tumors increased the infiltrating M2 macrophages and reduced 

the infiltrating NK, CD4+, and CD8+ T cells at the concurrent SC tumor site. This process 

was reversible by blocking the M2-associated chemokine CCL2, supporting the hypothesis 

that the kidney tumors may coordinate the migration of M2 macrophages toward the SC 

tumors (53).

Recently, 2 reports investigated in greater detail the mechanism of liver metastases 

suppression of systemic antitumor immunity and cancer immunotherapy response using 

the PD-1 blockade-responsive syngeneic MC38 carcinoma model. In the largest translational 

study to date on this topic, Yu and Green and colleagues (37) examined T-cell receptor 

sequencing in patients with breast cancer, colorectal cancer, prostate cancer, melanoma, 

and NSCLC. They found that patients with liver metastasis but not lung metastases had 

significantly diminished numbers of intratumor T-cell clones as well as diminished diversity 

of T-cell clones, suggesting that liver metastases regulated adaptive immune responses. 

Data from their preclinical model further support that liver metastases created a systemic 

“immune desert” devoid of functional antitumor CD8+ T cells via Fas ligand–mediated 

clonal deletion of tumor-antigen–specific T cells by CD11b+ suppressive macrophages 

(Figs. 2-4). In addition to the suppressive monocytes, Lee and colleagues (54) demonstrated 

that liver metastases induced CTLA-4, PD-1, and ICOS- high Tregs which were critical 

in inducing coordinated immune suppression (Figs. 5 and 6). Depletion of the Treg 

compartment through conditional Foxp3 knockout or depleting anti–CTLA-4 antibodies 

reversed liver metastases–associated suppression and restored immunotherapy efficacy. 

Although both Treg and monocyte compartments underwent significant phenotypic and 

transcriptomic changes as a result of liver metastasis, perturbations of Tregs directly 

resulted in a shift in the monocytes towards antitumor immunity (increased costimulatory 

CD80/86). In contrast, intratumoral depletion of monocytes using liposomal chlodronate did 

not change the Tregs, suggesting the Tregs may be the ultimate driver of the liver-metastases 

suppressive nexus (37). Notably, all above preclinical studies converge on suppressive 

CD11b+ myeloid cells as playing a key role in the systemic liver metastases TME. Strategies 

that address this population of cells will likely yield improved treatment outcomes.

Therapeutic Implications for Liver Immunity Nexus

These studies collectively suggest that liver metastases drive therapeutic resistance. Given 

this finding, it was hypothesized that the elimination of liver metastases by surgical resection 

or the use of radiotherapy may restore cancer immunotherapy efficacy. Both primary 

and metastatic liver tumors can be treated using invasive or noninvasive local, regional, 

or systemic approaches. These approaches have diverse impacts on spontaneous and 

therapeutic immunity, and, it is not established which approaches are best in combination 

with cancer immunotherapy clinically.

Surgical resection of primary and metastatic liver tumors is frequently utilized in fit patients 

with oligometastatic disease and sufficient hepatic reserve. There is limited preclinical 

evidence examining the impact of liver-tumor resection on therapeutic antitumor immunity, 

but preclinical modeling suggests that resection can remodel systemic anticancer immunity 
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and eliminate immunosuppression (55). Correlative studies in patients undergoing resection 

of liver tumors have mainly focused on acute postoperative immunosuppression that 

underlies perioperative increased infection risk and have not evaluated the impact on 

adaptive immune system (56). However, the clinical benefits of resection are apparent. 

Resection of earlystage HCC can be curative, and the resection of oligometastatic colorectal 

cancer liver metastases in select patients has been associated with prolonged OS (57). 

Ongoing clinical trials are examining the resection of liver metastases in combination with 

adoptive cell transfer in HCC (NCT02709070) and immunotherapy in colorectal cancer 

(NCT03844750).

Stereotactic body radiotherapy (SBRT) is an effective noninvasive treatment modality for 

both primary and metastatic liver tumors appropriate for patients who are not surgical 

candidates (58-60). Preclinical studies have suggested that radiotherapy and immunotherapy 

can synergize to promote improve ICI efficacy in subcutaneous tumor models (61, 62) 

although the sequence of immunotherapy and radiation is important (63) and PD-1 

blockade prior to radiation appears to be deleterious due to destruction of immune cells 

in the PD-1–stimulated mouse. In preclinical models, radiotherapy has been shown to 

eliminate immunosuppressive populations including Tregs and myeloid-derived suppressor 

cells (MDSC; ref. 64). Further, tumoral irradiation can increase antigen expression and 

exposure, and has been found to increase the T-cell repertoire in both preclinical models and 

patients (65, 66). Finally, radiotherapy can act as an immunologic adjuvant by inducing the 

formation of tumor micronuclei, generating cytoplasmic DNA, and causing lipid oxidation 

which stimulate immune responses (67). Moreover, liver SBRT can promote systemic 

antitumor immunity in a preclinical models of liver metastases (37); although the dose of 

radiation used, 8Gy is considerably lower than that used with SBRT. Liver SBRT appears 

to be safe in combination with immune checkpoint blockade (68). There are case reports 

suggesting that liver SBRT may induce abscopal responses (69, 70). In larger clinical trials 

however, out of field responses are rare; in a recent trial of SBRT + pembrolizumab, 

out-of-field responses occurred in 13.5% of patients (71). Despite these data, it should be 

noted that abscopal responses are rare in patients with cancer and the complexity of the 

immune response to radiation is incompletely understood.

Radiofrequency ablation and cryotherapy are minimally invasive approaches that have 

demonstrated clinical utility in the management of small primary and secondary 

liver metastases (59). Preclinical evaluations have shown that in subcutaneous models, 

radiofrequency and cryotherapy can induce an in situ vaccination which potentiates 

spontaneous and therapeutic antitumor immunity (72, 73). Moreover, both global and 

tumor antigen-specific T-cell responses have been seen in the peripheral blood of patients 

with HCC undergoing radiofrequency ablation (74). Further, other minimally invasive 

immunogenic approaches for the management of liver metastases, such as histotripsy 

are being developed (75). A large number of clinical trials are examining whether 

radiofrequency ablation is safe in combination with immunotherapy (76).

Transarterial chemoembolization (TACE) and transarterial radio-embolization (TARE) are 

effective treatment approaches for patients with localized or regional liver tumors. The 

smaller caliber of blood vessels in rodents introduces technical challenges that have limited 
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the investigation of these modalities in preclinical models. Correlative studies have found 

that TACE may diminish the frequency of immunosuppressive Tregs in the blood of patients 

with HCC (77). It is not yet established if TACE or TARE is safe or effective in combination 

with immune checkpoint blockade.

Finally, combinatorial approaches of systemic therapy are being developed, and these may 

modulate antitumor immunity and overcome resistance to immune checkpoint blockades. 

Lee and colleagues showed that combination anti–CTLA-4 and anti–PD-1 overcame hepatic 

immunosuppression induced by liver metastases (54). The combination of BRAF inhibitors 

and MEK inhibitors demonstrate activity in BRAFV600 mutant melanoma, and cytotoxic 

chemotherapy is active in patients with liver metastases (37). Ongoing and completed 

clinical trials examining the combination of these agents with immunotherapy are ongoing 

(78). Other promising approaches include intratumoral IL12 (79).

In summary, there are multiple clinically efficacious approaches to treat liver metastases 

and correlative studies suggest that these liver-directed approaches may modulate systemic 

antitumor immunity. Ongoing efforts are underway to understand how best to combine these 

approaches with cancer immunotherapy. Additional unanswered questions revolve around 

the sequencing of therapies. Additional clinical trials in both primary liver cancer as well as 

metastatic cancer patients with liver metastases are needed to understand which strategy may 

best help these patients, where liver involvement dysregulates the cancer immunity cycle.

Conclusions

The development of liver metastasis is associated with a multitude of immune alterations, 

many of which induce antigen-specific systemic immune suppression. These alterations 

reduce the effectiveness of ICI in preclinical models and populations of patients with 

otherwise ICI-sensitive malignancies. Current preclinical models point to MDSCs and 

Tregs as potential culprits and suggest that combined immunotherapy or surgery/radiation 

approaches may be useful to combat these immune-suppressive changes.
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Figure 1. 
Kaplan–Meier OS curves for melanoma patients without (black line) and with liver 

metastasis (gray line) and waterfall response curves for melanoma without and with liver 

metastasis. All patients were treated with pembrolizumab immunotherapy as described in 

Tumeh and colleagues (32). Figure originally published in Cancer Immunology Research 

(32).
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Figure 2. 
Schematic diagram showing experimental protocol for mice with subcutaneous + liver-tumor 

treated with no radiotherapy or with radiotherapy showing changes in the subcutaneous 

tumor as depicted in Yu and colleagues (37). Figure created with BioRender.com.
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Figure 3. 
Effect of radiotherapy on immune-cell populations in the liver. Large plot; viSNE analysis 

of CyTOF immunophenotyping of livers from mice with both subcutaneous and liver 

tumors, treated with IgG, anti–PD-L1, liver-directed radiotherapy, or combination therapy, 

as depicted in Yu and colleagues (37). Figure previously published in Nature Medicine (37); 

reprinted with permission.
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Figure 4. 
Liver metastasis induces systemic loss of antigen-specific T cells. Immunofluorescent 

staining of CD8+ cells in MC38 subcutaneous tumors from mice with subcutaneous tumors 

only or with subcutaneous and liver tumors. Analysis was done at 10 days after therapy 

initiation. Figure previously published in Nature Medicine (37); reprinted with permission.
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Figure 5. 
Mouse model with MC38 colon cancer syngeneic tumor implanted into the subcutaneous 

tissue or subcutaneous and liver as depicted in Lee JC and colleagues (54). In liver and 

subcutaneous tumor-bearing mice, there are reduced PD-1hi/CTLA-4hi CD8+ T cells, and 

these tumors have reduced response to PD-1 blockade. Figure created with BioRender.com.
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Figure 6. 
Single-cell RNA sequencing in Lee and colleagues (54) showed a myeloid population 

consistent with an MDSC phenotype in liver MC38 tumor mice, cluster 6 shown in the 

histogram and in violin plots showing relative MDSC score ordered by monocyte/myeloid 

cell subclusters. Figure previously published in Science Immunology (54); reprinted with 

permission.
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