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Purpose: Cryoablation eradicates tumors through repeated freeze–thaw cycles and preserves tumor-associated antigens, triggering 
inflammatory signals capable of priming anti-tumor immunity, yet its therapeutic potential in triple-negative breast cancer (TNBC) 
remains largely unexplored. Immune checkpoint inhibitors (ICIs) have shown clinical benefit in TNBC but come with significant 
immune-related toxicities. Combining cryoablation with ICIs in TNBC may amplify the efficacy of cryoablation, which is significantly 
less toxic than ICIs, thereby providing opportunities for lowering the doses of ICIs in clinical practice. Here, we investigated the 
therapeutic impact of cryoablation with ICIs in an orthotopic bilateral murine TNBC model.
Methods: Two weeks after tumor induction, primary tumors were cryoablated while the abscopal tumors were not manipulated and 
represented distant tumors. Twenty-four hours pre- and post-cryoablation, mice received an intra-peritoneal injection of PBS or ICIs 
(anti-CTLA-4, PD-1, or PD-L1). Tumors, tumor-draining lymph nodes (TdLNs), spleen, and peripheral blood were assessed for 
immune profiling a week later.
Results: Preliminary analyses demonstrated that combining cryoablation with anti-CTLA-4 enhanced T cell activation systemically 
compared to cryoablation alone or in combination with PD-1/PD-L1 blockade. Notably, relative to cryoablation monotherapy, 
combination with anti-CTLA-4 increased the frequencies of activated CD4+ and CD8+ T cells in the abscopal tumors, while also 
inducing a higher frequency and activation of conventional dendritic cells in the abscopal TdLNs.
Conclusion: These results suggest combination of cryoablation with anti-CTLA-4 therapy enhances systemic antitumor immunity by 
boosting antigen presentation. Our results support further investigation into this combination strategy to prevent tumor recurrence and 
metastasis while minimizing toxicity of treatment.
Keywords: triple-negative breast cancer, cryoablation, immune checkpoint inhibitors, anti-tumor immune response, abscopal effect

Introduction
Surgery, radiotherapy, and chemotherapy remain central to cancer treatment; however, newer approaches such as targeted 
therapy and immunotherapy have recently revolutionized the oncology field.1 Initially, immunotherapy was mainly 
focused on the use of immunocytokines and cancer vaccines, which were highly toxic and mostly ineffective.2,3 
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However, with the development of immune checkpoint inhibitors (ICI), the field witnessed major achievements, and most 
immunotherapy efforts have ever since been focused on these molecules.

Immune checkpoints receptors are expressed on the surface of immune cells. Generally divided into co-inhibitory and 
co-stimulatory proteins, immune checkpoints maintain the balance between preserving self-tolerance and eliminating 
threats.4 T cell activation normally requires two signals: recognition of a specific antigen by the T cell receptor (TCR) in 
the context of major histocompatibility complex (MHC) molecules, and engagement of the co-stimulatory receptor CD28 
with its co-stimulatory ligands, CD80/86. These signals promote clonal expansion, cytokine production, and the 
acquisition of effector functions, allowing T cells to mount an effective immune response.5 Co-inhibitory receptors, 
such as the Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) and the Programmed Cell Death Protein 1 (PD-1), function to 
suppress T cell activity and prevent overactivation of the immune system.

Tumors utilize the CTLA-4 and PD-1 pathways to evade host immune response. CTLA-4 is expressed on the surface 
of T cells during their early stages of activation, and when bound to co-stimulatory ligands CD80/86, it transmits 
inhibitory signals, increasing the threshold for T cell activation. Additionally, CTLA-4 has a higher affinity for and 
sequesters CD80/86, preventing their binding to CD28, which results in decreased availability of stimulatory signals for 
T cell activation.6,7 Specifically, on regulatory T cells (Tregs), CTLA-4 engagement also enhances their immunosup
pressive activity.8 Meanwhile, PD-1 is predominantly expressed on the surface of activated T cells during its effector 
phase9 and it interacts with two ligands: Programmed Death Ligand 1 (PD-L1) or 2 (PD-L2).10 PD-L1 is expressed on 
the surface of various cells, including T cells, B cells, dendritic cells (DC), macrophages, and tumor cells, while PD-L2 is 
primarily found on macrophages, DC, and non-hematopoietic cells present, for example, in the lungs.1 Once bound to its 
ligands, PD-1 signals intracellularly to prevent T cell activation, cytokine production, and proliferation.11–13

As an important tumor evasion mechanism, the expression of immune checkpoint proteins and its ligands are 
frequently dysregulated by tumors to impair T cell anti-tumoral functions.14 Therefore, blockade of these inhibitory 
signals can enhance the immune system’s ability to fight cancer by removing the brakes on T cell activation and effector 
function. The first FDA approved ICI was ipilimumab, an anti-CTLA-4 blocking antibody; this was rapidly followed by 
the development of anti-PD-1 and anti-PD-L1 inhibitors, such as pembrolizumab and atezolizumab, which have become 
some of the most widely prescribed anticancer therapies, currently approved to treat various cancers,15,16 including triple- 
negative breast cancer (TNBC).17,18

TNBCs are characterized by the lack of expression of estrogen, progesterone, and HER2 receptors19 and, therefore, 
cannot be treated with established targeted therapies.20 Additionally, TNBCs present an inherently aggressive clinical 
behavior and remarkable heterogeneity, leading to poorer outcomes when compared to other breast cancer subtypes.20 

Despite chemotherapy,21 patients remain at high risk for disease recurrence and metastasis,22–25 where ICI could provide 
hopes of better outcomes, since TNBC is the most immunogenic subtype of breast cancer. However, response rates to 
single agent ICI in metastatic TNBC have been modest and associated with immune-related adverse events, suggesting 
that combination of checkpoint blockade with other approaches might provide favorable outcomes and allow dose de- 
escalation, decreasing side effects.26

Cryoablation is a promising candidate for combination with immune checkpoint inhibition therapy. This minimally 
invasive procedure induces target tissue necrosis through controlled freeze–thaw cycles while preserving tumor- 
associated antigens (TAAs) and releasing inflammatory signals.27 These effects can stimulate antitumor immune 
responses and potentially enhance the abscopal effect - a systemic immune response that targets distant, untreated 
tumors.28–30 This contrasts with surgical resection, where the tumor and, consequently, TAAs are removed.30 Currently, 
cryoablation is clinically approved for the treatment of fibroadenomas and low-risk breast cancers31–35 and there is 
limited clinical data for its use in TNBC.

Pre-clinical evidence previously published by our group indicates that local treatment of TNBC by cryoablation 
increases systemic immune response compared to resection, where 40% of the mice in the resected group showed local 
recurrence and lung metastasis, while no recurrence or metastasis occurred post-cryoablation.36 This is in agreement with 
other papers that show superior immune activation with cryoablation compared to resection in breast cancer37 and colon 
cancer38 models. Furthermore, in a bilateral TNBC mouse model, cryoablation of the primary tumor led to significant 
increases in the frequency of NK cells at the secondary tumor, with similar trends for effector/effector memory CD4+ and 

https://doi.org/10.2147/ITT.S581990                                                                                                                                                                                                                                                                                                                                                                                                                                                                    ImmunoTargets and Therapy 2026:15 2

Sardela de Miranda et al                                                                                                                                                          

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



CD8+ T cells, while a significant rise in the frequency of migratory dendritic cells was detected in the spleen. This 
superior immune activation is likely correlated to better tumor control, as secondary unmanipulated tumors from 
cryoablation were significantly smaller than secondary tumors from resection.39 This supports the use of cryoablation 
in TNBC, showing its potential to provide antigens and inflammatory signals to stimulate immune activation.

Despite the safety of cryoablation and reported benefits of antigen preservation, one challenge remains: immunosup
pression. Although cryoablation recruits immune cells and generates tumor antigens for uptake by antigen-presenting 
cells (APCs), high expression of checkpoint molecules within the tumor immune microenvironment (TIME) or secondary 
lymphoid organs can suppress T cell activation and effector functions, thereby limiting therapeutic efficacy.40–42 Thus, 
combination of cryoablation with ICI offers a synergistic approach, combining the benefits of each approach, while 
tackling their weaknesses. In this study, we used a bilateral TNBC mouse model and flow cytometry to evaluate the 
combination of cryoablation to either anti-CTLA-4, anti-PD-1, or anti-PD-L1. We selected a 1-week immunological 
endpoint to capture the critical early phase of immune priming after cryoablation combined with immune checkpoint 
inhibition. Cryoablation induces rapid tumor necrosis, releasing tumor antigens and danger signals that drive acute 
inflammation, dendritic cell activation, and initiation of adaptive immunity within the first 3–7 days.37,39,43 Immune 
checkpoint inhibitors act primarily during early T-cell priming and expansion, amplifying emerging anti-tumor 
responses.44,45 Moreover, early immunological readouts have been shown to serve as predictive biomarkers of down
stream adaptive immune responses and clinical outcomes.44 Furthermore, a deeper understanding of the fundamental 
mechanisms governing early T-cell activation may help explain the limited efficacy of ICI monotherapy in high-risk 
breast cancers.46 Therefore, assessment at 1 week reflects the convergence of antigen release and checkpoint-mediated 
immune activation, whereas later time points are more likely to represent secondary or compensatory processes rather 
than primary mechanisms of therapeutic synergy.

We found CTLA-4 inhibition best synergized with cryoablation, providing enhanced frequencies of activated CD4+ and 
CD8+ T cells in the spleen and blood. Additionally, cryoablation plus anti-CTLA-4 led to higher frequencies of activated 
CD4+ and CD8+ T cells in unmanipulated secondary (abscopal) tumors, mirrored by higher frequencies of central memory 
CD8+ T cells and conventional DCs (cDCs) in tumor-draining lymph nodes (TdLNs). These exciting results support the 
combination of cryoablation with anti-CTLA-4, which should next be tested on response longevity and specificity.

Materials and Methods
Cell Line
The luciferase-expressing triple-negative mammary carcinoma cell line, 4T1-12B, was generously provided by 
Dr. G. Gary Sahagian from TUFTS University.47 Cells were cultured at 37°C degrees and 5% CO2 concentration in 
Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10% FBS and 1% penicillin/streptomycin.

Mice
Naïve female BALB/c mice (8–11 weeks old) were obtained from The Jackson Laboratory (RRID:IMSR_JAX:000651, 
Bar Harbor, ME, USA) and housed in a pathogen-free facility at the Laboratory Animal Resource Center (LARC) under 
a 12-hour light/12-hour dark cycle. Mice had free access to water and standard chow and were routinely monitored for 
health. All procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Texas Tech 
University Health Sciences Center (Protocol 24001) and conducted in accordance with the ARRIVE guidelines (Animal 
Research: Reporting of in vivo experiments).

Treatments
Naïve female BALB/c mice underwent bilateral orthotopic transplant with 1×106 4T1-12B cells per side. At two weeks, the 
primary (left) tumors were cryoablated, while the abscopal (right) tumors were not manipulated to represent distant tumors, 
used to measure the abscopal effect (Supplementary Figure 1). Two days before cryoablation, primary and abscopal tumors 
were measured with calipers by the same individual to ensure measurement consistency, and mice were divided into different 
groups with similar tumor volume averages. The cryoablation procedure was performed in a blinded manner (the individual 
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performing the cryoablation was blinded to group assignments) and under strict aseptic technique, as detailed below and 
consistent with our previously published methods.36,39 Mice were anesthetized with 2.5% inhaled isoflurane, and the skin was 
incised and retracted away from the primary tumor. The Visica 2 treatment system (Sanarus Technologies, Inc., Pleasanton, 
CA, USA) or ProSense treatment system (IceCure Medical, Caesarea, Israel) probe connected to liquid nitrogen cryoablation 
machines were placed directly on top of the tumor mass (Figure 1A); each primary tumor underwent two freeze/thaw cycles 
and was left in vivo to induce the abscopal effect. The freezing time was dependent on tumor size, while all tumors were 
equally given 3 minutes to completely thaw between the two freezing cycles. Next, the skin was closed using 4–0 Prolene 
sutures (Ethicon, Somerville, NJ). To manage pain and discomfort from the procedure, 0.05 mg/kg buprenorphine (Par 
Pharmaceuticals, Chestnut Ridge, NY) diluted in 200 µL of saline was administered intraperitoneally, and one cup of MediGel 
Hazelnut (Clear H2O®, Portland, ME) supplemented with 0.5 mg/mL Rimadyl (Zoetis, Parsippany, NJ) was provided per 
cage. Animals were monitored for 5 days for post-procedure complications.

Prior to cryoablation, mice received via IP injection an initial 100 µg dose of anti-CTLA4 (Clone UC10-4F10-11, 
Cat# BE0032, BioXcell, NH), anti-PD-1 (Clone J43, Cat# BP0033-2, BioXcell, NH) or anti-PD-L1 (Clone 10F.9G2, 
Cat# BP0101, BioXcell, NH) to prime the immune system, followed by a second post-procedure 100 µg ICI boosting 
dose (total ICI administration is 200 ug/mouse). The ICI dosage used for these experiments are well established in 
preclinical murine models of ICI blockade with 100–250 µg per mouse routinely achieving robust T-cell activation and 
anti-tumor efficacy without overt toxicity.34,48–50 This regimen provides a biologically relevant and validated exposure 
for evaluating early systemic immune responses and the synergistic effects of cryoablation with checkpoint inhibition. 
Control mice were administered PBS (Phosphate buffered saline). One-week post-cryoablation, all mice were euthanized, 

Figure 1 Mouse model. (A) Representative photo from the mouse mammary carcinoma cryoablation. (B) IVIS images 24 hours pre- and post-cryoablation (top and bottom, 
respectively). Images on the left show dorsal view, while images on the right show ventral view. (C) Representative photos of mouse necropsy (CTRL = control; CTLA-4 = 
anti-CTLA-4) showing the cryoablated (blue arrow) and abscopal (black arrow) tumors.
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and their organs were processed for anti-tumor immune analyses. Two independent experiments were conducted in 
accordance with TTUHSC-IACUC policies and approved protocols. Animals found dead during the study were excluded 
from the analyses. The experimental approach is illustrated in Supplementary Figure 1.

Tumor Monitoring
To check the location of luciferase-expressing tumors before cryoablation and confirm efficiency of the procedure in 
eliminating the tumor cells, mice received 100 µL of D-luciferin, potassium salt (15 mg/mL) (GoldBio, St. Louis, MO) 
intraperitoneally (IP) and were imaged with the in vivo imaging system (IVIS) Lumina XR (Caliper Life Sciences, 
PerkinElmer™) twenty-four hours pre- and post- cryoablation, consistent with our previous published methods (Figure 1B).39

Tissue and Blood Collection
One week after cryoablation, euthanasia was performed using carbon dioxide (CO2) inhalation, delivered from 
a compressed gas cylinder at a flow rate of 20–30% of the chamber volume per minute, followed by cardiac puncture 
to ensure death (Figure 1C). All procedures were conducted in accordance with the American Veterinary Medical 
Association (AVMA) Guidelines for the Euthanasia of Animals (2020).51 Peripheral blood obtained by cardiac puncture 
was collected into tubes containing 0.5 M EDTA. Primary and abscopal tumors, tumor-draining lymph nodes (TdLNs), 
and spleens were collected into tubes containing sterile PBS. Tumors were divided for either histological analysis or flow 
cytometric processing.

Tumor-Infiltrating Lymphocyte (TIL) Quantification
Tumors designated for histology were formalin-fixed, paraffin-embedded, and sectioned. Slides were stained with hematox
ylin and eosin (H&E). For each mouse, two distinct fields were selected from the invasive margin of the tumor. Lymphocytes 
within these areas were manually counted under light microscopy by a trained observer blinded to experimental groups. Each 
group consisted of five mice, resulting in ten individual scoring areas per group. Counts from the two fields per mouse were 
averaged to obtain a single TIL count per animal, which was then used for statistical analysis.

Sample Processing for Flow Cytometry
For all downstream steps and washes, cells were resuspended in FACS buffer (PBS supplemented with 5% FBS). Spleens and 
TdLNs were mechanically dissociated by pressing through a 70 µm nylon mesh filter. Tumors designated for flow cytometry 
were minced and enzymatically digested with 300 U/mL collagenase, 100 U/mL hyaluronidase, and 150 µg/mL DNase, then 
passed through a 70 µm nylon mesh filter to obtain single-cell suspensions. Red blood cells (RBCs) in blood, spleen, and 
tumor suspensions were removed using RBC lysis buffer (STEMCELL Technologies, Vancouver, Canada). Following lysis, 
tumor cell suspensions were resuspended in FACS buffer containing 25 µg/mL DNase to prevent clump formation.

Flow Cytometry Analysis for Immune Phenotyping
Isolated cells from blood, spleen, tumors, and TdLNs were counted to determine cell numbers and viability. 2×106 viable 
cells were aliquoted from each sample and divided equally between two wells – one stained with a lymphoid panel and 
the other with a myeloid panel. Flow antibodies used in this study are found in Supplementary Table 1. In cases where 
samples had less than 2×106 viable cells, the total sample, regardless of cell numbers, was divided equally between two 
wells and excluded from Median Fluorescence Intensity (MFI) analysis. Both panels included a Live/Dead Aqua viability 
dye (Thermo Fisher Scientific Inc., Waltham, MA). Prior to staining, Fc receptors were blocked with CD16/CD32 
antibody mixture (Invitrogen, San Diego, CA). Flow cytometry data was acquired on a Cytek Northern Lights™-Clinical 
(NL-CLC) spectral analyzer (Cytek Biosciences, Freemont, CA) using SpectroFlo® software and analyzed in a blinded 
manner with FlowJo v10.8.1 software.

Debris, doublets, and dead cells were excluded from the analyses, and live immune cells were selected by gating on 
the CD45 expressing/live-and-dead negative population. Lymphoid and myeloid cells were defined according to the 
strategy used in our previous study.39 The summary of cell types according to marker expression is shown in 
Supplementary Table 2.
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Power Analysis and Statistical Analysis
Sample sizes (cryoablation alone, cryo + anti-CTLA-4, cryo + anti-PD-1, cryo + anti-PD-L1; n = 10, 10, 5, 5, respectively) 
were selected to balance statistical rigor with the 3 Rs principle (Replacement, Reduction, Refinement) for ethical animal 
use in research. Group differences were analyzed by one-way ANOVA with post hoc correction, with a predefined primary 
comparison of cryo + anti-CTLA-4 versus cryo alone using an unpaired two-tailed Student’s t-test. Based on a 30% 
expected difference and 20–25% variation, n = 10 per group provided 82–92% power (Cohen’s d = 1.2–1.5, α = 0.05).

Statistical analyses were performed using GraphPad Prism software version 9.00 for Windows (La Jolla CA., https:// 
www.graphpad.com). For preliminary comparisons between cryoablation monotherapy and combination treatments with 
anti-CTLA-4, anti-PD-1, or anti-PD-L1, one-way ANOVA with Tukey’s post-test was used for normally distributed data, 
while the Kruskal–Wallis test with Dunn’s post-test was applied for non-normally distributed data. Comparisons 
specifically between cryoablation alone and cryoablation plus anti-CTLA-4 were assessed using an unpaired t-test or 
Mann–Whitney U-test for normal and non-normal distributions, respectively. Standard deviation (SD) is reported for 
each bar. Differences were considered statistically significant when *p<0.05, ** p<0.01, ***p<0.001, and ****p<0.0001, 
with a 95% confidence interval (CI). Exact p values are reported when relevant to highlight trends.

Analyses of organ weights and lymphoid panel for flow cytometry of tumors, spleen and blood comparing all 
treatments were performed using five mice per group from one (PD-L1 and PD-1) or two (Control and CTLA-4) 
independent experiments (shown in Figure 2, and Supplementary Figure 2A; first experiment - pink dots, second 
experiment - blue dots). Analysis of lymphoid panel for tumors of cryoablation monotherapy and combination with 
anti-CTLA-4 were performed using five mice per group from two independent experiments (Figures 3 and 4; first 
experiment - pink dots, second experiment - blue dots). TIL counts were analyzed by evaluating two scoring areas per 
mouse, with five mice per group, in one experiment (Supplementary Figure 4). Analyses of lymph nodes and for the 
myeloid panel were conducted with five mice per group from one experiment (shown in Figures 5–7, and Supplementary 
Figures 5–8; second experiment - blue dots). Finally, analysis of the lymphoid panel for the spleen and blood of 
cryoablation monotherapy and combination with anti-CTLA-4 were performed using five mice per group from two 
independent experiments (Figure 8; first experiment - pink dots, second experiment - blue dots).

Results
Inhibition of Anti-CTLA-4 is a Better Combination to Cryoablation than Blockade of 
PD-1/PD-L1 Axis
Twenty-four hours before and after cryoablation, mice were treated with PBS (control), anti-CTLA-4, anti-PD-1, or anti-PD-L1 
antibodies. One mouse from the anti-PD-L1 group died after treatment and was excluded from the analysis. Mice were sacrificed 
a week later to identify early events involved with the establishment of the anti-tumor immune response. The cryoablation 
procedure between each experiment and treatment were consistent (Supplementary Figure 2B) demonstrating uniformity and 
rigor of the experimental design and reproducibility across independent cohorts. Preliminary analyses comparing all four groups 
showed no differences in the weight of primary tumors, abscopal tumors, or spleens a week after treatment (Supplementary 
Figure 2A and B). However, analysis of immune cell frequency by flow cytometry revealed that, systemically, cryoablation plus 
anti-CTLA-4 resulted in significant increases in the frequency of activated CD4+ and CD8+ T cells in the spleen and peripheral 
blood (Figure 2A and B). Additionally, there was also a significant increase in the frequency of effector/effector memory CD4+ 

and CD8+ T cells in the peripheral blood (Figure 2C and D). The combination of cryoablation to anti-CTLA-4 was also associated 
with trends for higher frequencies of activated CD8+ T cells and effector/effector memory CD4+ T cells in the abscopal tumors 
(Figure 2B and C). Consistently, the majority of ICOS+ cells were effector/effector memory T cells (Supplementary Figure 3A 
and B). This suggests that combination of cryoablation with anti-CTLA-4 is optimal compared to PD-1/PD-L1 blockade, 
resulting in enhanced T cell activation. Therefore, further analyses were focused on cryoablation monotherapy versus combina
tion with CTLA-4 (referred to as “combination” on the results below) to dissect the treatment outcomes.
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Figure 2 Preliminary comparisons of cryoablation monotherapy versus combination with ICIs show CTLA-4 blockade provides superior T cell activation. (A–D) Left: 
Representative spleen dot plots for CD4+ (A and C) or CD8+ (B and D) T cells in the four treatment groups (CTRL, CTLA-4, PD-L1, and PD-1). Right: Corresponding 
frequencies of ICOS+ (activated) T cells (A and B) or E_EM T cells (C and D), expressed as a percentage of the parent population, in spleen, peripheral blood, and abscopal tumor. 
Dot colors indicate individual experiments. One-way ANOVA for normally distributed data or Kruskal–Wallis test for non-normally distributed data was performed comparing 
cryoablation monotherapy to combination with ICI, with p<0.05 (*), p<0.01 (**), and p<0.001 (***) considered significant. E_EM = effector/effector memory; CM = central 
memory; CTRL = control, n = 10; CTLA-4 = anti-CTLA-4, n = 10; PD-L1 = anti-PD-L1, n = 5; PD-1 = anti-PD-1, n = 5.
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Anti-CTLA-4 Therapy Enhances CD8+ T Cell Infiltration on Primary Tumors a Week 
After Cryoablation
The effects of the anti-CTLA-4 dose administered to the mice via intraperitoneal injection are apparent in the primary 
tumor (treated locally with cryoablation), as observed by a significant increase in the TIL counts a week after treatment 
(Supplementary Figure 4; the TIL counts in the abscopal tumor will be discussed later on section 3.3). To reveal which 
subsets of TILs are being recruited to these tumors, flow cytometry phenotyping was performed. Unsupervised non-linear 
dimensionality reduction by t-distributed stochastic neighbor embedding (t-SNE) analysis indicated primary tumors from 
mice treated with cryoablation plus anti-CTLA-4 presented increased frequencies of effector/effector memory CD4+ and 

Figure 3 Combination of cryoablation with anti-CTLA-4 boosts infiltration of primary tumors by T cells. (A) Representative tSNE map from one experimental repeat, showing the 
clustering of different lymphoid populations at the primary tumors based on flow cytometry parameters’ similarity. Red arrows point to E_EM populations. (B) Representative tSNE 
heatmap from one experimental repeat, made from concatenated primary tumors from cryoablation monotherapy versus cryoablation plus anti-CTLA-4. Red arrows point to E_EM 
populations. (C) Subpopulations of T cells, analyzed as frequency of the parent (CD4+ or CD8+), at the primary tumor. The different dot colors represent different experiments. 
Unpaired Student’s t-test for normally distributed data or Mann–Whitney test for non-normally distributed data was performed comparing cryoablation monotherapy to combination 
with ICI, with p<0.05 (*) considered significant. CM = central memory; E_EM = effector/effector memory; CTRL = control; CTLA-4 = anti-CTLA-4. n = 10 per group.
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CD8+ when compared to cryoablation monotherapy (Figure 3A and B). Quantitative analysis confirmed there was 
a significantly higher percentage of activated and effector/effector memory CD8+ T cells in primary tumors when anti- 
CTLA-4 was added, while a significant decrease in the frequency of naïve CD8+ T cells was also observed (Figure 3C).

Even though the t-SNE analysis indicated potential differences in myeloid infiltration in the primary tumors 
(Supplementary Figure 5A and B), quantitative comparisons revealed no significant differences in the frequency of 
macrophages, neutrophils, or dendritic cells in the TIME (Supplementary Figure 5C). Thus, results suggest cryoablation 
plus anti-CTLA-4 increased recruitment of T cells into the primary tumor, while not affecting infiltration of myeloid 
subtypes at this early timepoint.

Combination of Cryoablation to Anti-CTLA-4 Also Affects Distant Tumors
Previous work from our group showed cryoablation by itself can increase the infiltration of abscopal tumors by anti- 
tumor immune cells, especially NK cells.39 Here, while TIL count results found no increase in the overall infiltration by 
T cells with the combination of cryoablation with anti-CTLA-4 (Supplementary Figure 4), we importantly revealed 
changes in the frequencies of T cell subpopulations. Analysis by t-SNE indicated the combination increased the 
frequencies of infiltrating effector/effector memory CD4+ and CD8+ T cells in abscopal tumors, compared to cryoablation 
monotherapy (Figure 4A and 4B). Quantitative analysis showed a significant increase in the frequencies of activated 
CD4+ and CD8+ T cells (Figure 4C). Specific assessment of the T cell subtypes within the total live immune population 
found combination with anti-CTLA-4 also increased the frequency of effector/effector memory CD8+ T cells, in 
agreement with the t-SNE findings (Figure 4D). Additionally, the combination resulted in a significant decrease in the 
frequency of B cells (Figure 4E). Similarly to primary tumors, there were no differences in infiltration by myeloid cells in 
the abscopal tumors (Supplementary Figure 6A–C). These data suggest that, although distant from the primary 
cryoablation site, abscopal tumors exhibited a significantly higher frequency of activated CD4+ and CD8+ T cells 
following systemic treatment with anti-CTLA-4.

Cryoablation Plus Anti-CTLA-4 Treatment Induces Higher Frequencies of Activated 
T Cell Populations in the Tumor-Draining Lymph Nodes
Tumor-draining lymph nodes are the primary sites at which anti-tumor lymphocytes are activated by TAAs and were 
therefore examined. Both t-SNE and quantitative analyses demonstrated that treatment of mice with cryoablation plus 
anti-CTLA-4 increased the frequency of activated CD4+ and CD8+ T cells, effector/effector memory CD4+ T cells and 
central memory CD8+ T cells in the primary TdLNs (Figure 5A–C), and induced significant increases in ICOS median 
fluorescence intensity (MFI) on T cells (Figure 5D and E). Overall, the treatment seemed to decrease the frequency of 
T cells relative to all immune cells in those lymph nodes, however, further analysis indicated the outcome corresponds to 
diminished proportion of naïve CD4+ and CD8+ T cells (Supplementary Figure 7). Furthermore, the combination also 
resulted in increased frequencies of B and NK cells (Supplementary Figure 7).

Meanwhile, in the abscopal TdLNs, t-SNE and quantitative analysis revealed augmented frequencies of activated and 
central memory CD4+ and CD8+ T cells when anti-CTLA-4 is combined with cryoablation (Figure 6A–C). The 
combination also increased the level of ICOS expression on those cells, as demonstrated by significant increases in 
ICOS median fluorescence intensity (MFI) (Figure 6D and E). Therefore, cryoablation plus anti-CTLA-4 leads to higher 
frequency of activated T cells and central memory T cells proximally and distantly from the primary site of treatment.

Frequency and Activation of Conventional Dendritic Cells in the Tumor-Draining 
Lymph Nodes are Enhanced by Combination of Cryoablation with Anti-CTLA-4
Cryoablation results in the release of TAAs that can be used by APCs to activate T cells locally or distantly.27 Relative to 
cryoablation monotherapy, the addition of anti-CTLA-4 resulted in significantly higher frequencies of cDCs at both the 
primary and abscopal TdLNs, where both type 1 cDCs (cDC1) and type 2 cDCs (cDC2) populations were increased 
(Figure 7A and B). To understand whether the cDC1s were migrating from the primary site of treatment or were resident 
cDCs capturing TAAs transported through the lymph, cDC1s were further categorized as resident or migratory based on 
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Figure 4 Cryoablation plus CTLA-4 blockade increases the frequencies of activated T cells at the abscopal tumors. (A) Representative tSNE map from one experimental repeat, 
showing the clustering of different lymphoid populations at the abscopal tumors based on flow cytometry parameters’ similarity. Red arrows point to E_EM populations. (B) 
Representative tSNE heatmap from one experimental repeat, made from concatenated abscopal tumors from cryoablation monotherapy versus cryoablation plus anti-CTLA-4. 
Red arrows point to E_EM populations. (C) Subpopulations of T cells, analyzed as frequency of the parent (CD4+ or CD8+), at the abscopal tumors. (D) Subpopulations of T cells 
(activated and effector/effector memory CD8+ T cells), analyzed as frequency of the live immune cells (CD45+), at the abscopal tumors. (E) Parent immune populations, analyzed as 
frequency of the live immune cells (CD45+), at the abscopal tumors. Dots are colored according to the experiment. Unpaired Student’s t-test for normally distributed data or 
Mann–Whitney test for non-normally distributed data was performed comparing cryoablation monotherapy to combination with ICI, with p<0.05 (*) considered significant. CM = 
central memory; E_EM = effector/effector memory; CTRL = control; CTLA-4 = anti-CTLA-4. n = 10 per group.
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Figure 5 Anti-CTLA-4 addition to cryoablation treatment boosts T cell activation at the lymph nodes draining the primary tumor. (A) Representative tSNE map from one experimental 
repeat, showing the clustering of different lymphoid populations at the primary TdLNs based on flow cytometry parameters’ similarity. Red arrows point to E_EM CD4+ T cell and CM 
CD8+ T cell populations. (B) Representative tSNE heatmap from one experimental repeat, made from concatenated primary TdLNs from cryoablation monotherapy versus 
cryoablation plus anti-CTLA-4. Red arrows point to E_EM CD4+ T cell and CM CD8+ T cell populations. (C) Subpopulations of T cells, analyzed as frequency of the parent (CD4+ 
or CD8+), at the primary TdLNs. (D and E) ICOS median fluorescence intensity (MFI) per count in CD4+ (D) and CD8+ (E) T cells from the from the primary TdLNs. Histograms were 
generated with concatenated samples from one representative experiment. Unpaired Student’s t-test for normally distributed data or Mann–Whitney test for non-normally distributed 
data was performed comparing cryoablation monotherapy to combination with ICI, with p<0.05 (*), p<0.01 (**), p<0.001 (***), and p<0.0001 (****) considered significant. CM = central 
memory; E_EM = effector/effector memory; CTRL = control; CTLA-4 = anti-CTLA-4. n = 5 per group for frequency analysis; n = 3–5 per group for MFI analysis.
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Figure 6 Cryoablation plus anti-CTLA-4 results in higher memory formation at lymph nodes draining the abscopal tumors. (A) Representative tSNE map from one 
experimental repeat, showing the clustering of different lymphoid populations at the abscopal TdLNs based on flow cytometry parameters’ similarity. Red arrows point to 
CM populations. (B) Representative tSNE heatmap from one experimental repeat, made from concatenated abscopal TdLNs from cryoablation monotherapy versus 
cryoablation plus anti-CTLA-4. Red arrows point to CM populations. (C) Subpopulations of T cells, analyzed as frequency of the parent (CD4+ or CD8+), at the abscopal 
TdLN. (D and E) ICOS median fluorescence intensity (MFI) per count in CD4+ (D) and CD8+ (E) T cells from the abscopal TdLNs. Histograms were generated with 
concatenated samples from one representative experiment. Unpaired Student’s t-test for normally distributed data or Mann–Whitney test for non-normally distributed data 
was performed comparing cryoablation monotherapy to combination with ICI, with p<0.05 (*), p<0.01 (**), and p<0.001 (***) considered significant. CM = central memory; 
E_EM = effector/effector memory; CTRL = control; CTLA-4 = anti-CTLA-4. n = 5 per group for frequency analysis; n = 3–5 per group for MFI analysis.
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CD8a+ and CD103+ expression, respectively. Analyses found higher frequencies of resident rather than migratory 
dendritic cells in both the primary and abscopal TdLNs (Figure 7A and B).

Treatment with cryoablation plus anti-CTLA-4 also led to significant enhancements in the activation of cDCs, as 
evidenced by higher MHC class II MFI values (Figure 7C and D). This suggests that the higher availability of TAAs and 
decreased blocks for T cell activation, provided by the combination of cryoablation with anti-CTLA-4, leads to expansion 
of cDC in the TdLNs. The heightened expression of MHC-II may result in increased antigen presentation activity as 
a probable mechanism supporting the generation of higher frequencies of effector T cells in the TdLN, which can then 
migrate into the tumors.

Cryoablation Plus Anti-CTLA-4 Augments Immune Activation Systemically
Besides TdLNs, the spleen is another important secondary lymphoid organ where antigen presentation and T cell 
activation occurs. The combination of cryoablation with anti-CTLA-4 increased the frequencies of activated CD4+ and 
CD8+ T cells in the spleen, compared to cryoablation monotherapy (Figure 8A). Similarly to the abscopal TdLNs, 
a higher percentage of central memory CD4+ T cells was also observed in mice from the combination group (Figure 8A).

Interestingly, the higher percentage of activated T cells was not mirrored by the frequency of cDCs - analyses did not 
detect any differences in cDC frequencies between the two groups evaluated here (Supplementary Figure 8A). The 
combination however did lead to a significant increase in the frequencies of myeloid cells, specifically, Ly6G inter
mediate neutrophils, and similar trends for M1-like TAMs and Ly6G high neutrophils. Hence, the findings suggest that 
the increased T cell activation is not correlated to increased frequencies of cDC in the spleen, and that intense immune 
activation might be triggering a balance response operated by myeloid cells.

The increased frequencies of activated CD4+ and CD8+ T cells, observed throughout different organs in response to 
cryoablation plus anti-CTLA-4, was also observed in the peripheral blood (Figure 8B). Specifically, a higher percentage 
of effector/effector memory CD4+ and CD8+ T cells were found in animals treated with combination therapy (Figure 8B). 
There were no noticeable changes in the myeloid compartment besides a significant decrease in the frequency of cDC1s, 
and a trend of higher percentages of myeloid cells and Ly6G intermediate neutrophils (Supplementary Figure 8B). 
Peripheral blood is the easiest sample to collect from patients; the results therefore suggest that the effects from the 
combination therapy might be traceable in the peripheral blood, which could be potentially used in a clinical setting to 
measure patient responses.

Discussion
Cryoablation is a promising alternative to surgical resection, offering the dual advantage of inducing local tumor necrosis 
whilst simultaneously stimulating the anti-tumor immune response via release of TAAs and DAMPs. Meanwhile, ICIs have 
revolutionized cancer treatment due to their ability to release immune cells from inhibitory signals that hinder their activation 
or effector function. However, both therapies have limitations, especially in TNBC. For example, although cryoablation shows 
promise in treating early-stage, low-risk breast tumors, there is only limited clinical data on cryoablation use for TNBC. This is 
because most trials involve older women with small, low-grade lesions and exclude more aggressive subtypes due to larger 
tumor size at presentation, poorly defined invasive margins, and higher risk of local recurrence, all of which limit the 
feasibility of complete tumor ablation without surgical resection.46,52 Additionally, ICIs are frequently associated with the 
development of immune-related adverse events and, as a monotherapy, have demonstrated only modest clinical benefit for 
TNBC patients in the metastatic setting.17,53 Therefore, combination of cryoablation with ICI is promising, as it would 
potentiate immune activation, decreasing the likelihood of local recurrence and allowing ICI dosing de-escalation, which 
could result in lower rates of immune-related adverse events.54–57

Currently, the most common ICIs used in clinical practice are anti-CTLA-4, anti-PD-1, and anti-PD-L1. These 
antibodies target different phases of the T cell life and, therefore, combination of ICI therapy needs to take into 
consideration the strategy that will provide the highest synergy. Specifically for TNBC, only anti-PD-1 is FDA- 
approved in combination with chemotherapy for early-stage high-risk TNBC58 and metastatic PD-L1+ TNBC.59 

However, our results suggest that, for the purpose of combination with cryoablation, anti-CTLA-4 is a better candidate 
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Figure 7 Blockade of CTLA-4 leads to enhancement of dendritic cell frequencies at the TdLNs when combined to cryoablation. Frequency of conventional dendritic cells 
and their subpopulations, analyzed as frequency of the live (CD45+), at the primary (A) and abscopal (B) TdLNs. (C and D) From left to right, MHC class II mean 
fluorescence intensity (MFI) per count in cDC, cDC1, and cDC2, from the primary (C) abscopal (D) TdLNs. Histograms were generated with concatenated samples from 
one representative experiment. Unpaired Student’s t-test for normally distributed data or Mann–Whitney test for non-normally distributed data was performed comparing 
cryoablation monotherapy to combination with ICI, with p<0.05 (*), p<0.01 (**) and p<0.001 (***) considered significant. cDC = conventional dendritic cell; CTRL = control; 
CTLA-4 = anti-CTLA-4. n = 5 per group for frequency analysis; n = 3–5 per group for MFI analysis.
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Figure 8 The effects of cryoablation with anti-CTLA-4 over T cell activation are not restricted to tumor proximity. (A) Subpopulations of T cells, analyzed as frequency of 
the parent (CD4+ or CD8+), at the spleen (A) and peripheral blood (B). The different dot colors represent different experiments. Unpaired Student’s t-test for normally 
distributed data or Mann–Whitney test for non-normally distributed data was performed comparing cryoablation monotherapy to combination with ICI, with p<0.05 (*), 
p<0.001 (***), and p<0.0001 (****) considered significant. CM = central memory; E_EM = effector/effector memory; CTRL = control; CTLA-4 = anti-CTLA-4. n = 10.
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than PD-1 or PD-L1 inhibition, leading to higher frequency of activated T cells at the spleen and peripheral blood, with 
similar trends in abscopal (secondary) tumors.

Cryoablation completely destroys the tumor and the tumor immune microenvironment; this initiates the Cancer- 
Immunity Cycle, where dendritic cells will uptake TAAs to activate T cells locally, or migrate into the TdLNs or other 
secondary lymphoid organs to further activate T cells.60 Additionally, antigens can be transported to secondary lymphoid 
organs through the lymph.61 Thus, it is possible that PD-1/PD-L1 inhibition is not as effective as CTLA-4 due to fewer 
effector T cells and tumor cells for the antibodies to act upon after cryoablation, while the TAAs and inflammatory 
signals will boost T cell recruitment and activation, providing an excellent window for CTLA-4 inhibition to take place. 
This rationale underlies our focus on early immune activation. Therefore, all additional analyses in this study were 
focused on CTLA-4, to further understand the effects of its combination with cryoablation.

We previously reported that, even though cryoablation completely kills the tumor and associated TIME, infiltration by 
newly recruited immune cells - especially, naïve CD4+ T cells and myeloid cells - can be detected a week later in the 
treated tumor.39 Here, we show that the increased immune infiltration in the primary tumor is further stimulated by the 
addition of anti-CTLA-4, as observed by significant enhancements in the frequency of activated CD8+ T cells, specifi
cally, effector/effector memory CD8+ T cells. This boost in immune infiltration was restricted to the lymphoid compart
ment, as no significant differences in myeloid frequencies were observed in the primary tumor. This suggests that CTLA- 
4 blockade was efficient, allowing T cells to be activated by the APCs presenting TAAs preserved by cryoablation.

The increased T cell activation upon anti-CTLA-4 combination with cryoablation was not limited to the primary 
tumor. Even though TIL scoring did not indicate any differences in the frequencies of lymphocytes between the tested 
groups, flow cytometry results showed abscopal tumors from cryoablation plus anti-CTLA-4 also harbored increased 
frequencies of activated CD4+ and CD8+ T cells. Similarly to the primary tumors, no differences were observed in the 
myeloid compartment of abscopal tumors. While cryoablation alone resulted in trends of enhanced effector/effector 
memory CD8+ T cell infiltration in abscopal tumors,39 the combination with anti-CTLA-4 led to distinguished increased 
frequencies of activated and effector/effector memory CD8+ T cells, suggesting that blockade of CTLA-4 further 
overcomes immunosuppressive signals and improves cryoablation efficacy. The discrepancy between TIL counts and 
flow cytometry results is not unexpected, as TIL counts - while clinically relevant - measure only the total lymphocyte 
population without distinguishing subtypes, and are based on a single tumor section rather than the entire tissue.

Lymph nodes are vital components of the immune system, capturing, processing, and presenting tumor antigens.62 

Indeed, a systemic immune response was essential for ICI efficacy in a spontaneous breast cancer mouse model study, 
where lymphocyte egress blockade prevented treatment response.63 The significant increase in the frequency and 
activation status of cDCs at both primary and abscopal TdLNs indicates that, to some extent, T cells found within the 
tumor were likely activated in the sentinel lymph nodes and then recruited to the tumor. This agrees with previous studies 
showing that, upon ICI treatment, TdLNs become immunogenic and act as a source of tumor-reactive T cells,62,64–66 

highlighting the importance of this tissue to the anti-tumor immune response.
Besides giving rise to effector/effector memory lymphocytes that will migrate into the tumor, TdLNs also harbor 

tumor-reactive memory-like CD8+ T cells, which are critical for durable protection post-immunotherapy.67,68 These cells 
are chemoattracted to lymph nodes and can rapidly differentiate into effector T cells upon inflammatory antigenic re- 
challenge.69 Interestingly, the combination of CTLA-4 blockade with cryoablation resulted in a significant increase in the 
frequency of central memory CD8+ T cells at both the primary and abscopal TdLNs. This suggests that combination 
treatment leads to the establishment of a long-term protective response, where patrolling for recurrence and metastasis is 
mediated by central memory T cells. However, additional studies evaluating TCR specificity and longevity of the anti- 
tumor immune response are needed to confirm such hypotheses.

Importantly, lymph node involvement has been linked to distant metastasis, as tumor-draining lymph nodes can be 
reprogrammed by cancer cells into an immunosuppressive microenvironment that disrupts effective immune response.70– 

72 Therefore, surgical removal or irradiation of regional lymph nodes remains a standard of care for many cancers, 
including breast cancer.62 However, the results found here, along with accumulating preclinical and clinical evidence, 
indicate that the anti-tumor immune response and their enhancement by ICI treatment occur primarily within the 
TdLN,64,67,73–75 challenging the current standard practice of lymph node removal. In our model, the combination of 
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cryoablation with anti-CTLA-4 not only increased the frequencies of activated T cells, but also augmented their 
activation status, as shown by elevated ICOS expression (higher MFI).

Despite growing insights into the roles of TdLNs in antitumor immunity, murine models that preserve lymph nodes 
while incorporating primary tumor treatment remain limited. Most models either fail to develop LN metastases, are 
constrained by ethical endpoints that preclude late-stage disease, or primarily model metastasis to distant organs, which 
limits the interpretation of the current data.62 To illustrate, the beneficial role of preserving the TdLN might be dependent 
on the immunogenicity of the cancer type. For example, a study by Dammeijer et al demonstrated that the nonimmuno
genic pancreatic cancer cell KPC3 resulted in TdLN harboring low concentrations of overall activated T cells compared 
to nondraining lymph nodes. However, when OVA expression was induced in those tumors, which increases tumor 
immunogenicity, a robust infiltration of tumor specific T cells was observed particularly within the TdLN.75 Thus, the 
discussion of whether sentinel lymph nodes should be removed must consider the tumor entity, stage, and location,62 and 
more pre-clinical studies are needed to further guide this decision.

Nevertheless, the combination of cryoablation with anti-CTLA-4 resulted in increased frequency and activation of 
cDC in the TdLN, potentially being the mechanism leading to increased frequencies of activated T cells locally and 
systemically. In the spleen, there was a significant increase in the frequencies of activated CD4+ and CD8+ T cells, as 
well as central memory CD4+ T cells, indicating that this secondary lymphoid organ might also be important for 
sustained anti-tumor protection. However, further studies are warranted to confirm the functional relevance of the 
expanded memory compartment. Similarly to the tumors, the DC frequencies in the spleen were also not affected by 
the addition of anti-CTLA-4 to the treatment.

Interestingly, a significant increase in the frequency of myeloid cells was observed in spleens of mice from the 
cryoablation plus anti-CTLA-4 group. Among the myeloid populations, the frequency of Ly6G intermediate neutrophils 
was significantly higher, while similar trends were observed for Ly6G high neutrophils and M1-like macrophages. Ly6G 
high expression is typical of classical neutrophils, while intermediate Ly6G expression has recently been linked to an 
immature or transitioning neutrophil population presenting immunosuppressive functions in lung cancer and acute spleen 
infection studies.76–78 This suggests that these cells are potentially performing regulatory roles, balancing the extensive 
T cell activation that was observed, however, additional studies are needed to test the suppressive function of these cells.

Superior T cell activation was also observed in the peripheral blood of mice from the combination group, with 
significant increases in the frequencies of effector/effector memory CD4+ and CD8+ T cells as well. It is possible that this 
event reflects the migration of T cells from the secondary lymphoid organs, where they are activated, to the tumor, though 
tracking assays need to be performed to confirm such a fact. Despite additional functional read-outs, these findings are 
highly relevant as they indicate that response to cryoablation plus anti-CTLA-4 therapy is measurable in the peripheral 
blood. Blood is the most accessible and minimally invasive source of patient-derived immune cells, so changes in the 
frequencies of circulating cell populations can serve as early and clinically meaningful indicators of disease-associated 
immunological shifts.79 It is important to note that peripheral blood immune responses are not always representative of 
those occurring at the site of the tumor.80 In this study though, the changes observed in the peripheral blood closely 
mirrored changes observed at the TIME, increasing confidence in the read-out in this scenario. This means that response 
to the combination therapy could potentially be evaluated in clinical settings by peripheral blood draws, should the use of 
cryoablation plus anti-CTLA-4 get translated into clinical application.

Our in vivo experiments were performed in two independent replicates with 5 animals per group in each, with highly 
consistent results across experiments. The effect sizes observed were robust, and similar results were observed when data from 
both replicates were analyzed independently and when pooled. These reproducible outcomes, coupled with the concordance of 
immunological readouts obtained by flow cytometry, support the reliability of our findings. Future studies with additional 
replicates and complementary methodologies will be valuable to further validate and expand upon these results.

The functional activities of both dendritic cells and T cells were directly evaluated in this study. Immune functionality was 
demonstrated by upregulation of MHC molecules, indicating enhanced antigen-presenting capacity; migration of DCs to 
draining lymphoid tissues, supporting effective T cell priming; increased ICOS expression as evidence of T cell activation; and 
differentiation into effector and memory T cell subsets, consistent with the development of sustained antitumor immunity. The 
study was designed to interrogate early immune event mechanisms following combination treatment with cryoablation and 
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distinct immune checkpoint inhibitors; accordingly, mice were sacrificed one week after treatment for organ collection and 
analyses. This early time point likely explains why, despite marked immunologic differences among treatment groups, no 
significant decreases in abscopal tumor weight were detected. The significant enhancements on T cell activation upon 
combination with anti-CTLA-4, specifically, effector/effector memory CD8+ T cells in the tumors and central memory 
CD8+ T cells in the lymph nodes, suggest that this treatment setting provides superior results when compared to cryoablation 
monotherapy. However, additional studies are required to evaluate the antigen specificity of this enlarged T cell population, 
which will directly reflect on their potential to eliminate tumor cells in the long-term. The high abundance of tumor-associated 
antigens (TAAs) released and preserved by cryoablation likely suggests that the T cells activated in this context are tumor- 
specific. If this proves true in future assays, we may be one step closer to combining cryoablation with anti-CTLA-4 therapy 
for patients with triple-negative breast cancer (TNBC), potentially providing a safer, less invasive treatment that could also 
reduce immune-related adverse events by enabling lower ICI dosing.

This study has several limitations. First, the analysis was confined to a predefined early 1-week immunological 
endpoint. Although this time point is biologically appropriate for capturing early immune priming following cryoablation 
and its potential synergy with checkpoint blockade, it does not permit evaluation of longer-term immune dynamics or the 
durability of anti-tumor responses. Furthermore, while final tumor weights and representative images enable cross- 
sectional comparisons between groups (Figure 1C and Supplementary Figure 2B), they do not fully capture treatment 
kinetics or sustained tumor control over time. Second, immune modulation was assessed primarily at the phenotypic 
level, focusing on markers associated with activation and anti-tumor potential. Comprehensive functional validation such 
as quantification of effector cytokine secretion (eg., IFN-γ), direct cytotoxicity assays, and in vivo tumor re-challenge 
experiments was beyond the scope of the present study. Future investigations will incorporate longitudinal immune 
profiling, functional T-cell assays, and re-challenge models to evaluate memory responses and durable anti-tumor 
protection. These approaches will help clarify the mechanistic relationship between early immune activation and 
sustained therapeutic efficacy, thereby strengthening the translational relevance of this combination strategy.

Conclusions
The combination of cryoablation with ICIs has the potential to overcome the challenges imposed by monotherapy with 
these approaches, providing higher availability of tumor antigens and inflammation signals, while releasing immune cells 
from inhibitory signals mediated by checkpoint molecules. In the TNBC mouse model used in this study, combination of 
cryoablation with anti-CTLA-4 provided superior T cell activation locally and systematically, which was most likely 
supported by higher frequencies and improved activation status of cDCs in the TdLNs. Future efforts should evaluate the 
antigen specificity of the expanded T cell population, and the long-term protection provided by the combination to 
prevent tumor recurrence and metastasis.
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