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Abstract

:

Simple Summary


A group of experts was invited to speak at the first Immune Assessment symposium held in Chicago, IL in early October of 2023. The combined knowledge presented, including new findings presented by young investigators, offered deep insight into the importance of monitoring immune responses in (cancer) patients, the history of biomarker development and the latest technologies available to measure responses to treatment beyond clinical improvement.




Abstract


As part of a symposium, current and former directors of Immune Monitoring cores and investigative oncologists presented insights into the past, present and future of immune assessment. Dr. Gnjatic presented a classification of immune monitoring technologies ranging from universally applicable to experimental protocols, while emphasizing the need for assay harmonization. Dr. Obeng discussed physiologic differences among CD8 T cells that align with anti-tumor responses. Dr. Lyerly presented the Soldano Ferrone lecture, commemorating the passionate tumor immunologist who inspired many, and covered a timeline of monitoring technology development and its importance to immuno-oncology. Dr. Sonabend presented recent achievements in glioblastoma treatment, accentuating the range of monitoring techniques that allowed him to refine patient selection for clinical trials. Dr. Guevara-Patiño focused on hypoxia within the tumor environment and stressed that T cell viability is not to be confused with functionality. Dr. Butterfield accentuated monitoring of dendritic cell metabolic (dys)function as a determinant for tumor vaccine success. Lectures were interspersed with select abstract presentations. To summarize the concepts, Dr. Maecker from Stanford led an informative forum discussion, pointing towards the future of immune monitoring. Immune monitoring continues to be a guiding light towards effective immunotherapeutic strategies.
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1. Introduction


On 5 and 6 October 2023 an Immune Assessment Symposium was held in Chicago, IL, USA. The meeting was held to promote cross-disciplinary exchanges and discuss current standards in immune monitoring and immunotherapy assessment for clinical and translational studies. The goal was to establish a forum uniting scientists studying immunotherapies and immune responses, to review the current immune monitoring techniques and establish a common framework for leveraging future technologies to precisely evaluate immunologic responses in both basic and early stage clinical research settings. To do this, we utilized the knowledge accumulated by diverse monitoring facilities equipped with cutting edge equipment to measure immune responses with a wide range of protocols. The insights gained from these facilities can be helpful for institutions nationwide and internationally when designing a repertoire of assays covering tissue imaging, cell profiling, sequencing and cytokine analytes. The goal was to align the assays with state-of-the-art measures and standardized assays performed at the National Cancer Institute (NCI)’s CIMACS or ‘cancer immune monitoring and analysis centers’ at Dana Farber Cancer Institute, Icahn School of Medicine, MD Anderson Cancer Center and Stanford University. These centers were established with support from the Cancer Moonshot initiative, that also helped support the newly instated partnership for accelerating cancer therapies or PACT. Expert speakers provided deep insight into the past, present, and future landscape of immune monitoring (Figure 1).




2. Multi-Omics and Cross-Trial Analyses


Dr. Sacha Gnjatic from the Icahn School of Medicine at Mount Sinai, New York was the inaugural speaker addressing the audience. His research focuses on examining human antigen-specific immune responses to tumor antigens [1], development of cancer immunotherapies [2] and characterization of the tumor-immune microenvironment [3,4,5]. At Mount Sinai he co-directs the Human Immune Monitoring Center, a vital component of the NCI-designated CIMACs. These CIMACs set standards for immune monitoring by performing high level, multiplex assays to define immunological correlates for clinical trials directed under the NCI cooperative agreements. First tier assays are recommended to be applied to all trials on longitudinally collected tumor and blood specimens, while Tier 2 and 3 assays cover more specialized technologies, allowing for deeper dives into function and mechanism in selected studies or patient subsets (Table 1). The latter assays were approved after extensive validation and may be performed ad hoc. Moving toward approval, harmonization and proficiency testing involves sharing SOPs across CIMACs, followed by interlaboratory testing and the development of a consensus SOP. At that point proficiency testing continues with intermittent group review of protocols. There is indeed a concerted effort to develop consistent biomarkers to help finetune diagnoses, predict outcomes and understand therapy responses in cancer patients. For checkpoint inhibitor therapy, FDA approved biomarkers of treatment eligibility [6] include tissue PD-L1 expression, high tumor mutation burden and/or diminished DNA damage repair, and lack of specific driver alterations. Emerging biomarkers include gut microbiome composition [7], detection of cell-free or epigenetically modified tumor DNA, and gene expression marking tumor-associated or peripheral immune cell subsets associated with treatment responses or survival. In this respect, T cells are gaining in importance, prompting an interest in understanding T cell clonality and antigen recognition, with TCR sequencing becoming critical [8]. However, we must acknowledge that innovation and standardization do not always align during assay development. Sacha further emphasized the importance of signal normalization and standardizing the process of registration, cell segmentation and deconvolution for consistent tissue staining analysis [9], and of constant inter-assay validation to support reproducibility of the results. Notably, there is growing interest in bulk analytes in serum as markers of disease improvement. Examples from CIMAC/PACT clinical trials include the predictive value of detecting IL-6 and IL-8 in serum samples from muscle-invasive bladder cancer patients, which appeared to be predictive of tumor responses to PD-1 blockade with chemotherapy [10], while reduced serum CXCL13 on treatment was often associated with better responses, including in a study of non-small cell lung cancer patients treated with combination of immune checkpoints (Parra et al., in press). These immune monitoring approaches can also be applied to correlates of adverse events associated with immunotherapies. An example is found in a study of patients developing immune checkpoint-induced colitis, a major toxicity limiting the development of drugs targeting CTLA-4 in particular. There, inflammatory signals in serum related to Th1 and Th17 pathways [11]. Overall, the implementation of well-designed, sample-rich studies assayed with harmonized multiparameter platforms should allow us to define sets of biomarkers associated with clinical benefit, allowing eventual comparisons across different treatment modalities and cancers. While this process is still in its early phase, the ultimate goal is that composite biomarkers will emerge to guide better patient selection for optimal therapies.




3. Biomarkers of Effective Treatment


The subsequent session focused on biomarkers of responsiveness. Arjun Kharel from the laboratory of Dr. Weiguo Cui addressed the impact of PBAF function loss [12]. Loss of PBAF was found to promote effector differentiation and limit CD8 T cell exhaustion, suggesting that the chromatin remodeling complex can be a target for cancer immunotherapy. Next, Victor Karwacinski from Dr. Daniel Brat’s lab described the connection between hypoxia and macrophage influx to tumors. This influx can promote a stem cell-like phenotype and radioresistance among glioblastoma tumors [13]. Marihan Hegazy of Dr. Kathleen Green’s laboratory showed a role for desmoglein-1 in epithelial differentiation by limiting MAPK signaling and keratinocyte proliferation, and in inflammation by suppressing TNF-induced expression of type 17 cytokines by epithelial cells [14]. William Nguyen, from Dr. Alan Zhou’s lab, shared insights on cutaneous T cell lymphoma. The data revealed distinct gut microbial profiles between controls and patients responsive to narrow-band UVB exposure, with butyrate-producing Lachnospiraceae enriched among responders [15]. In the final presentation of this session, Radhika Iyer from Dr. Deyu Fang’s group showed that ATXN3 serves as a positive regulator of PD-L1 as identified in a CRISPR screening. ATXN3 expression increased in several tumor types suggests its potential as a target for improving ICI responses [16]. Collectively, these presentations provided an excellent overview of emerging disease biomarkers with the potential for inclusion in future screening panels.




4. Predicting Responses to Immunotherapy


Dr. Rebecca Obeng discussed opportunities for using proliferative CD8 T cell responses in peripheral blood to predict responses to immunotherapy. As an Assistant Professor of Pathology at Case Western Reserve University, Dr. Obeng aims to understand how T cells differentiate and function within the tumor microenvironment [17]. Her work explores the spatial relationships between individual CD8 T cell subsets and elements of the tumor microenvironment, extending her research to tertiary lymphoid structures and their role in antitumor immunity. Dr. Obeng is dedicated to developing predictive bio-markers that can improve patient selection and provide a prognosis for the outcomes of cancer immunotherapy. Success metrics are informed in part by the type of therapy applied, broadly classified as B cell targeted therapy, cytokine-based treatment, adoptive T cell transfer and immune checkpoint inhibition. Initially, such predictors included evaluating immune infiltration to detect ‘hot tumors’ and measuring DNA repair activity to understand whether mutations persist to form potential neoantigens [18]. Large-scale screening now allows for the identification of biomarkers correlating with therapeutic responsiveness. While PD-L1 turned up as such a predictor molecule [19], questions remain about its relative importance when expressed by the tumor versus expression of PD-L1 by tumor-infiltrating immune cells. PD-1+ TCF-1+ Stem-like CD8 T cells are the primary targets of PD-1 checkpoint blockade, resulting in the expansion of the population and differentiation into effector cells. These responsive, stem-like cells are found in T cell-like zones within stroma-containing, tertiary lymphoid-like structures observed in several tumor types [20]. Tumor infiltration by stem-like PD-1+ TCF-1+ stem-like CD8 T cells proved to be a significant parameter of responsiveness. Early proliferative CD8 T cell responses after PD-1 blockade were predictive of positive clinical outcomes, with proliferating cells having an effector-like phenotype [21]. These findings introduce new questions, such as whether the same biomarkers are also reflective of side effects. Importantly, the transcriptional profile of the effector cells can be modified to generate better effector CD8 T cells [20], thus revealing new ways of monitoring immune responses to immunotherapy to improve clinical outcomes.




5. Assessment in (Pre)Clinical Trials


The discussion then shifted to examples of (pre)clinical trials where immune assessment helps to define treatment efficacy. Expanding on research initiated in the Platanias lab, Dr. Diana Saleiro showed that responses to checkpoint inhibitors are markedly enhanced by inhibiting the Unk-51 like kinase 1 (ULK1) signaling pathway. This pathway is typically involved in mediating immunosuppressive responses downstream of IFN-γ [22]. Sangeeta Kowli then discussed CyTOF data from the Maecker laboratory to identify diagnostic or prognostic factors in peripheral blood, revealing chronic activation of cytotoxic NK and T cell subsets in melanoma patients [23]. Continuing the focus on melanoma-related research, Rohan Shivde from the Le Poole lab compared outcomes for CAR T cells to bispecific T cell engagers targeting a single melanoma surface molecule. This comparison revealed differing cytokine profiles from participating T cells [24,25]. Hui Tang from Dr. Bin Zhang’s lab next described opportunities to overcome resistance to immune checkpoint blockade [26] by re-programming tumor-induced granulopoiesis through cysteinyl leukotriene receptor-1 inhibition. In the closing presentation of this session, Dr. Seth Pollack focused on the significant role of a different T cell subset. He highlighted that TLR4 agonist glycopyranosyl lipid A sensitizes the tumor microenvironment to radiation treatment, while driving clonal convergence among tumor infiltrating CD4+ T lymphocytes [27]. Tyler Smith from the laboratory of Dr. Jennifer Wu next emphasized the opportunities arising from NKG2D co-stimulation, using antibody B10G5 to target its ligand (soluble) MIC, he demonstrated enhanced stemness of CD8 T cells in tumors from a MIC-transgenic mouse model of prostate cancer [28]. April Bell from Dr. Derek Wainwright’s group revisited the topic of glioblastomas. She described how senolytics target extra-tumoral senescent cells to boost immunotherapy responses in older subjects [29].




6. Soldano Ferrone Lecture


Dr. Kim Lyerly was awarded the Soldano Ferrone lectureship and started his presentation by acknowledging the extensive contributions of Dr. Ferrone, who tragically succumbed to the COVID pandemic in the early days of 2023. The speaker, Dr. Lyerly is a Distinguished Professor of Immunology and a Professor of Surgery and Pathology. He is an expert in cancer immunotherapy and was a long-standing member of the NCI Cancer Advisory Board. Citing a summary by Drs. Whiteside and Zarour [30], Dr. Lyerly highlighted Soldano’s ground-breaking work on HLA class I serotyping and the identification of components of the antigen processing pathway, expression of MHC class II by tumor cells, identification of tumor antigens at the crossroads of costimulatory pathways and generating CAR T cells to target them. His passion for the field remains alive as the torch has been passed to his children [31]. Dr. Lyerly then mentioned the excitement of recognizing cytotoxic T cells as mediators of the anti-tumor response in the early days of tumor immunology [32], and the recognition that HLA-dependent cytolysis correlated with anti-tumor responses [33]. The Cancer Immunotherapy Trials Network advanced these findings further [34], starting the path to the development of peptide MHC tetramer technology [35], detecting cytokine-expressing cells by flow and performing single-cell ELISPOT analysis of cytokine expression. These methods have allowed the comparison of antigen-specific responses to anti-tumor vaccines and their correlation with clinical outcomes [36], highlighting the importance of overcoming tumor immune suppression [37]. Kim then focused on the use of virus-like replicon particles and self-replicating RNA vectors to elicit dose-dependent B and T cells responses to carcinoembryonic antigen [38,39], especially after repeated immunization. Moving to discuss immune assessment [34], CD27 has emerged as a marker of antigen-specific memory T cells recognizing Her2 in breast cancer [40], presenting opportunities to further enhance responses as a target of agonist Abs [41]. The presentation then centered around precise immune monitoring opportunities, showcasing the cancer rainbow (crainbow) mouse [42] to track HER2 isoform expression in crypts of the mouse mammary gland. In this model, the HER2 gene is randomly floxed to produce 3 different, individually labeled isoforms of the target molecule, allowing investigators to follow cellular lineage. Summarizing the current state of immune assessment, Dr. Lyerly concluded that characterizing regional and circulating immune responses to vaccines will continue to be explored at single cell and antigen specific level, while functional assays will likely remain exploratory. Dr. Lyerly underscored the importance of solid p-values and biologically plausible effects, validated by external results as crucial elements for future immune assessment efforts.




7. Refining Patient Selection


Drug delivery and refining patient selection were topics addressed by Dr. Adam Sonabend in his presentation about improving outcomes for glioma immunotherapy [43,44]. Dr. Sonabend is a brain tumor neurosurgeon/scientist specializing in the care of brain tumor patients. As an Associate Professor of Neurosurgery and Director of Translational Neuro-Oncology at Northwestern University, he has been dedicated to predictive biomarker discovery for glioblastoma immunotherapy in his research [45]. Given the immediate availability of tissues post glioblastoma diagnosis and tumor surgery, the detailed study of such predictive markers is feasible. Adam described PTEN mutations selectively associated with non-responders, whereas MAPK mutations, although very rare, are clearly associated with responses to therapy [46]. Responders consistently exhibit pERK activation and more abundant microglia [47]. Effective patient selection is critically important for this patient group with aggressive tumors, guiding them promptly to the most promising treatment options with the best odds of success. For those patients eligible for treatments like paclitaxel, Dr. Sonabend described the use of microbubbles created by an implantable ultrasound device [48]. By measuring tumor concentrations of drug in the tumor dissected after the use of microbubbles or not, the efficacy of treatment can be readily followed [49]. Brain tissue repair after ultrasound treatment is rapid and preliminary data indicate that this outcome is associated with microglia moving towards the damaged vasculature [50]. Immune assessment at the protein level has greatly helped to advance this technology in the Sonabend lab.




8. Measuring Hypoxia-Induced Immune Suppression


Dr. José Guevara-Patiño, Professor of Immunology and initiator of the Immune monitoring core at Moffit Cancer Center discussed research focused on signaling cues exploitable for cancer patients undergoing T cell-based immunotherapy. His research focuses on better understanding the immune fertile conditions that are necessary to generate robust anti-tumor T cell responses [51] and avoid TGFβ-driven immune suppression [52]. Currently, José is interested in understanding the role of RPS6 and the effects of tumor-related hypoxia on anti-tumor T cells [53]. By implementing machine learning approaches, he is working towards the development of immunological predictive biomarkers for stratifying cancer patients undergoing immunotherapies. José noted that patients with ECOG level 0–1 are more prone to developing immune-related adverse events [54] which, in turn, correlate with better survival. The Achilles heel for adoptively transferred T cells then lies in the hypoxic environment they encounter in the tumor [55], as this environment impedes their activity and limits their cytokine expression [56]. These T cells clearly need oxygen to survive, and they are observed in close proximity to the vasculature, ensuring close access to oxygen. It has been reported that the hypoxia signature can be tracked using pimonidazole to stain the T cells over time. This signature cannot be bypassed by non-TCR signaling and involves mitochondria that are functionally changed under hypoxia, favoring glycolysis to meet their energy needs [57]. When providing uridine to restart proliferation among hypoxic T cells, Dr. Guevara-Patiño noticed that this treatment does not re-invigorate cytokine expression.




9. Technical Advances


Transitioning to the topic of technical advances in the field, Dauren Biyashev, as a member of Dr. Kurt Lu’s extended research team, discussed applying synthetic melanin particles [58] as a means of scavenging radicals. This innovative approach aims to recruit anti-inflammatory immune cells and promote tissue repair, important for would healing following procedures like surgery. Anumeha Singh from the laboratory of Dr. Rui Yi described interactions between tissue stem cells and immune cells as determinants in the transcriptional control of immune privilege, taking hair follicle stem cells as an example [59]. Initiating desired immune responses can be overruled by immune privilege, and understanding the process can contribute to the design of measures to control ongoing immunity. Concluding this session, Victor Arrieta presented data from Catalina Lee-Chang’s group [60], describing integrated single cell analysis [61] of the immune landscape in chordomas, rare tumors that occur in the spine or base of the skull. In peripheral blood and tumor samples from chordoma patients, anti-tumor immunity was marked by clonal enrichment and exhaustion among both peripheral and intra-tumoral CD8+ T cells.




10. Monitoring Success in Cancer Vaccine Development


To better understand the benefits of cancer vaccines, Dr. Lisa Butterfield described the lessons learned to date. Professor Butterfield previously led the Immunologic Monitoring Lab at the University of Pittsburgh, and she is currently affiliated with the University of California San Francisco. Her research is focused on cancer vaccines, immune profiling and therapies for melanoma, hepatocellular cancer, and other tumor types. Her work in cancer vaccines began with pulsing HLA-A2+ patient DCs with the immunodominant non-mutated MART1-derived peptide. This work gained momentum by transducing DCs with the full-length antigen or with combinations of shared antigens in an adenovirus [62], overcoming the need for an HLA match and rendering a more universally applicable vaccine. Interestingly, the level of tumor antigen expression was not related to treatment success, whereas vaccine-induced CD8 T cell responses were significantly correlated to both progression-free survival and overall survival [63]. A quantitative increase in the frequency of antigen specific T cells in the blood made little difference for patient outcomes. IFNα was tested for its ability to enhance antitumor responses but was not successful as tested in the clinical protocol [64]. The potency measurements of DCs, including the expression of phenotypic markers and the amount of IL-12 p70 produced [65], were not predictive for in vivo immunogenicity or clinical outcome. Patient-derived DC dysfunction was identified [66], and NFκB signaling was dysregulated in melanoma patient DCs [67], affecting ICOSL and downstream T cell priming. Another critical dysregulated area of DC biology was identified as cellular metabolism [68,69]. Transcriptional profiling, population-based Seahorse assessments as well as newer single cell metabolic measures like scMEP single cell metabolic profiling and SCENITH (single cell energetic metabolism analyzed by profiling translation inhibition) were used to measure the metabolism of patient DCs. Results show that the mTOR and pAMPK pathways provide a critical regulatory node for DC. Moreover, increased glycolysis and lactate secretion were identified as markers of immune suppression in patient DC. In melanoma and hepatocellular carcinomas, DCs exhibited reduced mitochondrial functionality [70]. Emerging screening methods at the molecular level are now helping us gain a full understanding of immune dysfunction in tumor patients, setting the stage for addressing the next challenges in tumor vaccine development.




11. Harmonizing Immune Monitoring


With this discussion of DC and T cell characterization in tumor patients, the series of lectures morphed into a forum discussion focusing on optimal immune assessment in cancer research and treatment (Figure 2). Dr. Holden Maecker facilitated a clear discussion of methods available to cancer researchers at this time. Dr. Maecker is a Professor of Microbiology and Immunology and Director of the Human Immune Monitoring Center at Stanford University, leading one of the NCI-supported CIMACs. Holden is a member of the SITC Biomarker task force and co-chairs the FOCIS Human Immunophenotyping Consortium. His expertise defines his interest in defining metrics of immune competence and using upscale technologies to broadly survey immune features at the cellular level and link them to clinical outcomes. Holden initiated the discussion by highlighting the different parameters central to measuring immune responses, including measures of DC, NK, B cell and T cell spatial relationships, quantity and function. The initial focus was on antibodies and cytokines as the main secreted proteins to be measured, while measures of chromatin state and gene expression can give a detailed view of immune cell function. A conversation explored breakthrough monitoring technologies, parameters that cannot yet be measured, strategies to economize monitoring applications through streamlining and standardization and the role of CIMACs in guiding and unifying the field. An example discussion surrounded measurement platforms for protein analytes which include Olink, with high multiplexing capabilities, a reasonable setup mode and small sample volumes; the novel NULISA platform, which offers greater automation, with a large number of targets and a slightly larger input volume; or Luminex, with the advantage of flexibility in sample numbers and kits that are easily customized for specific uses. The sensitivity of these methods increases from Luminex to Olink to Alamar (NULISA) based on comparison testing. Another technological comparison was that of CyTOF versus spectral cytometry (Table 2), the latter allowing up to 50 marker analysis whereas spectral flow allows in the range of 40 markers to be measured. The panel design is more challenging for the latter technology with considerably more spillover, but the acquisition speed is more than 10-fold greater by spectral flow. While CyTOF does not offer light scatter parameters due to the nature of the label, spectral flow is limited by tandem dye degradation. Single cell sequencing platforms were also discussed. Among them, Mission Bio Tapestri offers targeted DNA sequencing that also allows for antibody-based proteomic measurements and is good for assessing genetic heterogeneity as relevant to tumor biology. RNA platforms including the BD Rhapsody, 10X Chromium or Fluent PIPseq and Parse Evercode all allow for sample multiplexing, while all but the Evercode offer AbSeq and CITEseq capabilities. A difference among these technologies lies in the ability to target meaningful BCR and TCR sequencing, with all but the Parse Evercode offering both and the latter offering TCR sequencing only. The features differ BD technology is suited for multiple small samples (minimum around 1000 cells) and provides the greatest cell recovery while 10X and PIPseq work with scalable cell numbers (between 10 and 200 k), and Parse Evercode allows for fixing of cells for later capture and is especially suited for high cell numbers 20 k to 1 million). The relative cost per cell is approximately 8:5:1 for BD Rhapsody:PIPseq:Parse Evercode. The discussion further extended to the sources of variability among labs, highlighting the influence of sampling, preservation, transportation methods and software selection on outcomes and reproducibility. Harmonization and standardization were deemed crucial, and it was suggested to create a single, shared analysis template, involve experts to perform QC, run comparisons with shared control samples and exclude outliers (Figure 3). Despite the recognized need to streamline monitoring strategies across core facilities, achieving full consensus remains a work in progress.




12. Conclusions


Data sharing and a continued discussion of Immune Assessment strategies can identify best practices, streamline clinical trial correlatives, facilitate inter-institutional comparisons, and continue to propel the field of cancer immunotherapy toward success.







Author Contributions


S.G., R.C.O., H.K.L., A.M.S., J.A.G.-P. and L.H.B. provided partial text content, I.C.L.P. and H.T.M. drafted the manuscript and selected the figures, S.P., M.E.C., R.Y. and B.Z. edited the manuscript including references, authors J.A.S., M.-P.T., D.F. and S.M.P. further reviewed and revised the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


S.G. is supported by NCI grants U24 CA224319 and P30 CA196521, and NIDDK grant U01 DK124165, as well as by the Foundation for the National Institutes of Health (FNIH) through the Partnership for Accelerating Cancer Therapies, a public–private partnership with funding support provided to the FNIH by AbbVie, Amgen, Boehringer Ingelheim, Bristol Myers Squibb, Celgene, Genentech, Gilead, GlaxoSmithKline, Janssen, Novartis Institutes for Biomedical Research, Pfizer and Sanofi. M.P.T. is supported through NIH P01 DK117824 and R01 DK116988. C.L.P. is supported by NIH R01 HL165841, and by NIAMS U54AR079795 (Lu, PI) and P30 AR075049 (Paller, PI).




Acknowledgments


The authors would like to acknowledge the sponsors supporting the 2023 Immune Assessment Symposium, including the Robert H. Lurie Comprehensive Cancer Center and companies involved in developing assays and equipment relevant to monitoring immune responses.




Conflicts of Interest


The authors declare no conflict of interest.




Disclosures


S.G. has participated in research studies funded by Boehringer Ingelheim, Bristol Myers Squibb, Celgene, Genentech, Regeneron, and Takeda. Gnjatic is a co-inventor on an issued patent for multiplex immunohistochemistry to characterize tumors and treatment responses. The technology is filed through Icahn School of Medicine at Mount Sinai (ISMMS). Mount Sinai has received payments associated with licensing this technology and both Mount Sinai and Gnjatic are entitled to future payments. Gnjatic is also an inventor of technology to detect autoantibodies to GM-CSF, a cytokine that promotes myeloid cell development and maturation. The technology is filed through Icahn School of Medicine at Mount Sinai (ISMMS) and is currently unlicensed.




References


	



Tsuji, T.; Sabbatini, P.; Jungbluth, A.A.; Ritter, E.; Pan, L.; Ritter, G.; Ferran, L.; Spriggs, D.; Salazar, A.M.; Gnjatic, S. Effect of Montanide and poly-ICLC adjuvant on human self/tumor antigen-specific CD4+ T cells in phase I overlapping long peptide vaccine trial. Cancer Immunol. Res. 2013, 1, 340–350. [Google Scholar] [CrossRef] [PubMed]

	



Schiller, J.T.; Lowy, D.R.; Frazer, I.H.; Finn, O.J.; Vilar, E.; Lyerly, H.K.; Gnjatic, S.; Zaidi, N.; Ott, P.A.; Balachandran, V.P.; et al. Cancer vaccines. Cancer Cell 2022, 40, 559–564. [Google Scholar] [CrossRef] [PubMed]

	



Dhainaut, M.; Rose, S.A.; Akturk, G.; Wroblewska, A.; Nielsen, S.R.; Park, E.S.; Buckup, M.; Roudko, V.; Pia, L.; Sweeney, R.; et al. Spatial CRISPR genomics identifies regulators of the tumor microenvironment. Cell 2022, 185, 1223–1239.e20. [Google Scholar] [CrossRef] [PubMed]

	



Coffey, D.G.; Maura, F.; Gonzalez-Kozlova, E.; Diaz-Mejia, J.J.; Luo, P.; Zhang, Y.; Xu, Y.; Warren, E.H.; Dawson, T.; Lee, B.; et al. Immunophenotypic correlates of sustained MRD negativity in patients with multiple myeloma. Nat. Commun. 2023, 14, 5335. [Google Scholar] [CrossRef] [PubMed]

	



Magen, A.; Hamon, P.; Fiaschi, N.; Soong, B.Y.; Park, M.D.; Mattiuz, R.; Humblin, E.; Troncoso, L.; D’Souza, D.; Dawson, T.; et al. Intratumoral dendritic cell-CD4+ T helper cell niches enable CD8+ T cell differentiation following PD-1 blockade in hepatocellular carcinoma. Nat. Med. 2023, 29, 1389–1399. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.X.; Song, M.; Maecker, H.T.; Gnjatic, S.; Patton, D.; Lee, J.J.; Adam, S.J.; Moravec, R.; Liu, X.S.; Cerami, E.; et al. Network for Biomarker Immunoprofiling for Cancer Immunotherapy: Cancer Immune Monitoring and Analysis Centers and Cancer Immunologic Data Commons (CIMAC-CIDC). Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2021, 27, 5038–5048. [Google Scholar] [CrossRef] [PubMed]

	



Chudnovskiy, A.; Mortha, A.; Kana, V.; Kennard, A.; Ramirez, J.D.; Rahman, A.; Remark, R.; Mogno, I.; Ng, R.; Gnjatic, S.; et al. Host-Protozoan Interactions Protect from Mucosal Infections through Activation of the Inflammasome. Cell 2016, 167, 444–456.e14. [Google Scholar] [CrossRef]

	



Tsuji, T.; Eng, K.H.; Matsuzaki, J.; Battaglia, S.; Szender, J.B.; Miliotto, A.; Gnjatic, S.; Bshara, W.; Morrison, C.D.; Lele, S.; et al. Clonality and antigen-specific responses shape the prognostic effects of tumor-infiltrating T cells in ovarian cancer. Oncotarget 2020, 11, 2669–2683. [Google Scholar] [CrossRef]

	



Mortha, A.; Remark, R.; Del Valle, D.M.; Chuang, L.S.; Chai, Z.; Alves, I.; Azevedo, C.; Gaifem, J.; Martin, J.; Petralia, F.; et al. Neutralizing Anti-Granulocyte Macrophage-Colony Stimulating Factor Autoantibodies Recognize Post-Translational Glycosylations on Granulocyte Macrophage-Colony Stimulating Factor Years Before Diagnosis and Predict Complicated Crohn’s Disease. Gastroenterology 2022, 163, 659–670. [Google Scholar] [CrossRef]

	



Galsky, M.D.; Daneshmand, S.; Izadmehr, S.; Gonzalez-Kozlova, E.; Chan, K.G.; Lewis, S.; Achkar, B.E.; Dorff, T.B.; Cetnar, J.P.; Neil, B.O.; et al. Gemcitabine and cisplatin plus nivolumab as organ-sparing treatment for muscle-invasive bladder cancer: A phase 2 trial. Nat. Med. 2023, 29, 2825–2834. [Google Scholar] [CrossRef]

	



Chen, X.; Lai, J.; Song, Y.; Yang, N.; Gnjatic, S.; Gillespie, V.; Hahn, W.; Chefitz, E.; Pittman, N.; Jossen, J.; et al. Butanol Purified Food Allergy Herbal Formula-2 Has an Immunomodulating Effect ex-vivo in Pediatric Crohn’s Disease Subjects. Front. Med. 2021, 8, 782859. [Google Scholar] [CrossRef] [PubMed]

	



Kharel, A.; Shen, J.; Brown, R.; Chen, Y.; Nguyen, C.; Alson, D.; Bluemn, T.; Fan, J.; Gai, K.; Zhang, B.; et al. Loss of PBAF promotes expansion and effector differentiation of CD8+ T cells during chronic viral infection and cancer. Cell Rep. 2023, 42, 112649. [Google Scholar] [CrossRef] [PubMed]

	



Markwell, S.M.; Ross, J.L.; Olson, C.L.; Brat, D.J. Necrotic reshaping of the glioma microenvironment drives disease progression. Acta Neuropathol. 2022, 143, 291–310. [Google Scholar] [CrossRef] [PubMed]

	



Godsel, L.M.; Roth-Carter, Q.R.; Koetsier, J.L.; Tsoi, L.C.; Huffine, A.L.; Broussard, J.A.; Fitz, G.N.; Lloyd, S.M.; Kweon, J.; Burks, H.E.; et al. Translational implications of Th17-skewed inflammation due to genetic deficiency of a cadherin stress sensor. J. Clin. Investig. 2022, 132, e144363. [Google Scholar] [CrossRef] [PubMed]

	



Hooper, M.J.; Enriquez, G.L.; Veon, F.L.; LeWitt, T.M.; Sweeney, D.; Green, S.J.; Seed, P.C.; Choi, J.; Guitart, J.; Burns, M.B.; et al. Narrowband ultraviolet B response in cutaneous T-cell lymphoma is characterized by increased bacterial diversity and reduced Staphylococcus aureus and Staphylococcus lugdunensis. Front. Immunol. 2022, 13, 1022093. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Liu, K.; Han, X.; Cheng, Y.; Zhao, E.; Brat, D.J.; Sun, Z.; Fang, D. ATXN3 deubiquitinates YAP1 to promote tumor growth. Am. J. Cancer Res. 2023, 13, 4222–4234. [Google Scholar]

	



Mani, N.; Andrews, D.; Obeng, R.C. Modulation of T cell function and survival by the tumor microenvironment. Front. Cell Dev. Biol. 2023, 11, 1191774. [Google Scholar] [CrossRef] [PubMed]

	



Galon, J.; Costes, A.; Sanchez-Cabo, F.; Kirilovsky, A.; Mlecnik, B.; Lagorce-Pagès, C.; Tosolini, M.; Camus, M.; Berger, A.; Wind, P.; et al. Type, density, and location of immune cells within human colorectal tumors predict clinical outcome. Science 2006, 313, 1960–1964. [Google Scholar] [CrossRef]

	



Dudley, J.C.; Lin, M.T.; Lee, D.T.; Eshleman, J.R. Microsatellite instability as a biomarker for PD-1 blockade. Clin. Cancer Res. 2016, 22, 813–820. [Google Scholar] [CrossRef]

	



Im, S.J.; Obeng, R.C.; Nasti, T.H.; McManus, D.; Kamphorst, A.O.; Gunisetty, S.; Prokhnevska, N.; Carlisle, J.W.; Yu, K.; Sica, G.L.; et al. Characteristics and anatomic location of PD-1+TCF1+ stem-like CD8 T cells in chronic viral infection and cancer. Proc. Natl. Acad. Sci. USA 2023, 120, e2221985120. [Google Scholar] [CrossRef]

	



Kim, K.H.; Cho, J.; Ku, B.M.; Koh, J.; Sun, J.M.; Lee, S.H.; Ahn, J.S.; Cheon, J.; Min, Y.J.; Park, S.H.; et al. The first-week proliferative response of peripheral blood PD-1+ CD8+ cells predicts the response to anti-PD-1 therapy in solid tumors. Clin Cancer Res. 2019, 25, 2144–2154. [Google Scholar] [CrossRef] [PubMed]

	



Fenton, S.E.; Zannikou, M.; Ilut, L.; Fischietti, M.; Ji, C.; Oku, C.V.; Horvath, C.M.; Le Poole, I.C.; Bosenberg, M.; Bartom, E.T.; et al. Targeting ULK1 Decreases IFNγ-Mediated Resistance to Immune Checkpoint Inhibitors. Mol. Cancer Res. MCR 2023, 21, 332–344. [Google Scholar] [CrossRef] [PubMed]

	



Lingblom, C.M.D.; Kowli, S.; Swaminathan, N.; Maecker, H.T.; Lambert, S.L. Baseline immune profile by CyTOF can predict response to an investigational adjuvanted vaccine in elderly adults. J. Transl. Med. 2018, 16, 153. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, A.; Sumughan, S.; Dellacecca, E.R.; Shivde, R.S.; Lancki, N.; Mukhatayev, Z.; Vaca, C.C.; Han, F.; Barse, L.; Henning, S.W.; et al. Benign tumors in TSC are amenable to treatment by GD3 CAR T cells in mice. JCI Insight 2021, 6, e152014. [Google Scholar] [CrossRef] [PubMed]

	



Pituch, K.C.; Zannikou, M.; Ilut, L.; Xiao, T.; Chastkofsky, M.; Sukhanova, M.; Bertolino, N.; Procissi, D.; Amidei, C.; Horbinski, C.M.; et al. Neural stem cells secreting bispecific T cell engager to induce selective antiglioma activity. Proc. Natl. Acad. Sci. USA 2021, 118, e2015800118. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Xie, P.; Cowan, M.; Huang, H.; Cardenas, H.; Keathley, R.; Tanner, E.J.; Fleming, G.F.; Moroney, J.W.; Pant, A.; et al. Epigenetic priming enhances antitumor immunity in platinum-resistant ovarian cancer. J. Clin. Investig. 2022, 132, e158800. [Google Scholar] [CrossRef]

	



Seo, Y.D.; Lu, H.; Black, G.; Smythe, K.; Yu, Y.; Hsu, C.; Ng, J.; Hermida de Viveiros, P.; Warren, E.H.; Schroeder, B.A.; et al. Toll-Like Receptor 4 Agonist Injection with Concurrent Radiotherapy in Patients with Metastatic Soft Tissue Sarcoma: A Phase 1 Nonrandomized Controlled Trial. JAMA Oncol. 2023, 9, 1660–1668. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Larrocha, P.S.; Zhang, B.; Wainwright, D.; Dhar, P.; Wu, J.D. Antibody targeting tumor-derived soluble NKG2D ligand sMIC provides dual co-stimulation of CD8 T cells and enables sMIC(+) tumors respond to PD1/PD-L1 blockade therapy. J. Immunother. Cancer 2019, 7, 223. [Google Scholar] [CrossRef]

	



Johnson, M.; Bell, A.; Lauing, K.L.; Ladomersky, E.; Zhai, L.; Penco-Campillo, M.; Shah, Y.; Mauer, E.; Xiu, J.; Nicolaides, T.; et al. Advanced age in humans and mouse models of glioblastoma show decreased survival from extratumoral influence. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2023, 29, 4973–4989. [Google Scholar] [CrossRef]

	



Whiteside, T.; Zarour, H.M. In memoriam: Soldano Ferrone, MD, PhD (1940–2023). J. Immunother. Cancer 2023, 11, e006761. [Google Scholar] [CrossRef]

	



Wang, Y.; Drum, D.L.; Sun, R.; Zhang, Y.; Chen, F.; Sun, F.; Dal, E.; Yu, L.; Jia, J.; Arya, S.; et al. Stressed target cancer cells drive nongenetic reprogramming of CAR T cells and solid tumor microenvironment. Nat. Commun. 2023, 14, 5727. [Google Scholar] [CrossRef] [PubMed]

	



Boyle, T.J.; Berend, K.R.; DiMaio, J.M.; Coles, R.E.; Via, D.F.; Lyerly, H.K. Adoptive transfer of cytotoxic T lymphocytes for the treatment of transplant-associated lymphoma. Surgery 1993, 114, 218–225, discussion 226. [Google Scholar] [PubMed]

	



DiMaio, J.M.; Van Trigt, P.; Gaynor, J.W.; Davis, R.D.; Coveney, E.; Clary, B.M.; Lyerly, H.K. Generation of tumor-specific T lymphocytes for the treatment of posttransplant lymphoma. Circulation 1995, 92, 202–205. [Google Scholar] [CrossRef] [PubMed]

	



Kohrt, H.E.; Tumeh, P.C.; Benson, D.; Bhardwaj, N.; Brody, J.; Formenti, S.; Fox, B.A.; Galon, J.; June, C.H.; Kalos, M.; et al. Immunodynamics: A cancer immunotherapy trials network review of immune monitoring in immuno-oncology clinical trials. J. Immunother. Cancer 2016, 4, 15. [Google Scholar] [CrossRef]

	



Maecker, H.T.; Hassler, J.; Payne, J.K.; Summers, A.; Comatas, K.; Ghanayem, M.; Morse, M.A.; Clay, T.M.; Lyerly, H.K.; Bhatia, S.; et al. Precision and linearity targets for validation of an IFNgamma ELISPOT, cytokine flow cytometry, and tetramer assay using CMV peptides. BMC Immunol. 2008, 9, 9. [Google Scholar] [CrossRef]

	



Morse, M.A.; Niedzwiecki, D.; Marshall, J.L.; Garrett, C.; Chang, D.Z.; Aklilu, M.; Crocenzi, T.S.; Cole, D.J.; Dessureault, S.; Hobeika, A.C.; et al. A randomized phase II study of immunization with dendritic cells modified with poxvectors encoding CEA and MUC1 compared with the same poxvectors plus GM-CSF for resected metastatic colorectal cancer. Ann. Surg. 2013, 258, 879–886. [Google Scholar] [CrossRef] [PubMed]

	



Morse, M.A.; Hobeika, A.C.; Osada, T.; Serra, D.; Niedzwiecki, D.; Lyerly, H.K.; Clay, T.M. Depletion of human regulatory T cells specifically enhances antigen-specific immune responses to cancer vaccines. Blood 2008, 112, 610–618. [Google Scholar] [CrossRef] [PubMed]

	



Morse, M.A.; Hobeika, A.C.; Osada, T.; Berglund, P.; Hubby, B.; Negri, S.; Niedzwiecki, D.; Devi, G.R.; Burnett, B.K.; Clay, T.M.; et al. An alphavirus vector overcomes the presence of neutralizing antibodies and elevated numbers of Tregs to induce immune responses in humans with advanced cancer. J. Clin. Investig. 2010, 120, 3234–3241. [Google Scholar] [CrossRef]

	



Crosby, E.J.; Hobeika, A.C.; Niedzwiecki, D.; Rushing, C.; Hsu, D.; Berglund, P.; Smith, J.; Osada, T.; Gwin Iii, W.R.; Hartman, Z.C.; et al. Long-term survival of patients with stage III colon cancer treated with VRP-CEA(6D), an alphavirus vector that increases the CD8+ effector memory T cell to Treg ratio. J. Immunother. Cancer 2020, 8, e001662. [Google Scholar] [CrossRef]

	



Crosby, E.J.; Gwin, W.; Blackwell, K.; Marcom, P.K.; Chang, S.; Maecker, H.T.; Broadwater, G.; Hyslop, T.; Kim, S.; Rogatko, A.; et al. Vaccine-Induced Memory CD8+ T Cells Provide Clinical Benefit in HER2 Expressing Breast Cancer: A Mouse to Human Translational Study. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2019, 25, 2725–2736. [Google Scholar] [CrossRef]

	



Crosby, E.J.; Acharya, C.R.; Haddad, A.F.; Rabiola, C.A.; Lei, G.; Wei, J.P.; Yang, X.Y.; Wang, T.; Liu, C.X.; Wagner, K.U.; et al. Stimulation of Oncogene-Specific Tumor-Infiltrating T Cells through Combined Vaccine and αPD-1 Enable Sustained Antitumor Responses against Established HER2 Breast Cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2020, 26, 4670–4681. [Google Scholar] [CrossRef] [PubMed]

	



Boone, P.G.; Rochelle, L.K.; Ginzel, J.D.; Lubkov, V.; Roberts, W.L.; Nicholls, P.J.; Bock, C.; Flowers, M.L.; von Furstenberg, R.J.; Stripp, B.R.; et al. A cancer rainbow mouse for visualizing the functional genomics of oncogenic clonal expansion. Nat. Commun. 2019, 10, 5490. [Google Scholar] [CrossRef] [PubMed]

	



Arrieta, V.A.; Iwamoto, F.; Lukas, R.V.; Sachdev, S.; Rabadan, R.; Sonabend, A.M. Can patient selection and neoadjuvant administration resuscitate PD-1 inhibitors for glioblastoma? J. Neurosurg. 2019, 132, 1667–1672. [Google Scholar] [CrossRef]

	



Sonabend, A.M.; Stupp, R. Overcoming the Blood-Brain Barrier with an Implantable Ultrasound Device. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2019, 25, 3750–3752. [Google Scholar] [CrossRef]

	



Dunn, G.P.; Cloughesy, T.F.; Maus, M.V.; Prins, R.M.; Reardon, D.A.; Sonabend, A.M. Emerging immunotherapies for malignant glioma: From immunogenomics to cell therapy. Neuro-Oncology 2020, 22, 1425–1438. [Google Scholar] [CrossRef]

	



Zhao, J.; Chen, A.X.; Gartrell, R.D.; Silverman, A.M.; Aparicio, L.; Chu, T.; Bordbar, D.; Shan, D.; Samanamud, J.; Mahajan, A.; et al. Immune and genomic correlates of response to anti-PD-1 immunotherapy in glioblastoma. Nat. Med. 2019, 25, 462–469. [Google Scholar] [CrossRef] [PubMed]

	



Arrieta, V.A.; Chen, A.X.; Kane, J.R.; Kang, S.J.; Kassab, C.; Dmello, C.; Zhao, J.; Burdett, K.B.; Upadhyayula, P.S.; Lee-Chang, C.; et al. ERK1/2 phosphorylation predicts survival following anti-PD-1 immunotherapy in recurrent glioblastoma. Nat. Cancer 2021, 2, 1372–1386. [Google Scholar] [CrossRef]

	



Gould, A.; Zhang, D.; Arrieta, V.A.; Stupp, R.; Sonabend, A.M. Delivering albumin-bound paclitaxel across the blood-brain barrier for gliomas. Oncotarget 2021, 12, 2474–2475. [Google Scholar] [CrossRef]

	



Zhang, D.Y.; Dmello, C.; Chen, L.; Arrieta, V.A.; Gonzalez-Buendia, E.; Kane, J.R.; Magnusson, L.P.; Baran, A.; James, C.D.; Horbinski, C.; et al. Ultrasound-mediated Delivery of Paclitaxel for Glioma: A Comparative Study of Distribution, Toxicity, and Efficacy of Albumin-bound Versus Cremophor Formulations. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2020, 26, 477–486. [Google Scholar] [CrossRef]

	



Sonabend, A.M.; Gould, A.; Amidei, C.; Ward, R.; Schmidt, K.A.; Zhang, D.Y.; Gomez, C.; Bebawy, J.F.; Liu, B.P.; Bouchoux, G.; et al. Repeated blood-brain barrier opening with an implantable ultrasound device for delivery of albumin-bound paclitaxel in patients with recurrent glioblastoma: A phase 1 trial. Lancet Oncol. 2023, 24, 509–522. [Google Scholar] [CrossRef]

	



Perez, C.; Plaza-Rojas, L.; Boucher, J.C.; Nagy, M.Z.; Kostenko, E.; Prajapati, K.; Burke, B.; Reyes, M.D.; Austin, A.L.; Zhang, S.; et al. NKG2D receptor signaling shapes T cell thymic education. J. Leukoc. Biol. 2023, 115, 306–321. [Google Scholar] [CrossRef]

	



O’Sullivan, J.A.; Kohlhapp, F.J.; Zloza, A.; Plaza-Rojas, L.; Burke, B.; Dulin, N.O.; Guevara-Patiño, J.A. Memory Precursors and Short-Lived Effector T cell Subsets Have Different Sensitivities to TGFβ. Int. J. Mol. Sci. 2023, 24, 3930. [Google Scholar] [CrossRef]

	



Chaudhary, R.; Slebos, R.J.C.; Noel, L.C.; Song, F.; Poole, M.I.; Hoening, D.S.; Hernandez-Prera, J.C.; Conejo-Garcia, J.R.; Guevara-Patino, J.A.; Wang, X.; et al. EGFR Inhibition by Cetuximab Modulates Hypoxia and IFN Response Genes in Head and Neck Squamous Cell Carcinoma. Cancer Res. Commun. 2023, 3, 896–907. [Google Scholar] [CrossRef]

	



Jaishankar, D.; Cosgrove, C.; Ramesh, P.; Mahon, J.; Shivde, R.; Dellacecca, E.R.; Yang, S.F.; Mosenson, J.; Guevara-Patiño, J.A.; Le Poole, I.C. HSP70i(Q435A) to subdue autoimmunity and support anti-tumor responses. Cell Stress Chaperones 2021, 26, 845–857. [Google Scholar] [CrossRef]

	



Conejo-Garcia, J.R.; Guevara-Patino, J.A. Barriers and Opportunities for CAR T-Cell Targeting of Solid Tumors. Immunol. Investig. 2022, 51, 2215–2225. [Google Scholar] [CrossRef]

	



Kohlhapp, F.J.; Zloza, A.; O’Sullivan, J.A.; Moore, T.V.; Lacek, A.T.; Jagoda, M.C.; McCracken, J.; Cole, D.J.; Guevara-Patiño, J.A. CD8+ T cells sabotage their own memory potential through IFN-γ-dependent modification of the IL-12/IL-15 receptor α axis on dendritic cells. J. Immunol. 2012, 188, 3639–3647. [Google Scholar] [CrossRef]

	



Wu, H.; Zhao, X.; Hochrein, S.M.; Eckstein, M.; Gubert, G.F.; Knöpper, K.; Mansilla, A.M.; Öner, A.; Doucet-Ladevèze, R.; Schmitz, W.; et al. Mitochondrial dysfunction promotes the transition of precursor to terminally exhausted T cells through HIF-1α-mediated glycolytic reprogramming. Nat. Commun. 2023, 14, 6858. [Google Scholar] [CrossRef]

	



Biyashev, D.; Siwicka, Z.E.; Onay, U.V.; Demczuk, M.; Xu, D.; Ernst, M.K.; Evans, S.T.; Nguyen, C.V.; Son, F.A.; Paul, N.K.; et al. Topical application of synthetic melanin promotes tissue repair. NPJ Regen. Med. 2023, 8, 61. [Google Scholar] [CrossRef]

	



Zhang, C.; Wang, D.; Dowell, R.; Yi, R. Single cell analysis of transcriptome and open chromatin reveals the dynamics of hair follicle stem cell aging. Front. Aging 2023, 4, 1192149. [Google Scholar] [CrossRef]

	



Lee-Chang, C.; Lesniak, M.S. Next-generation antigen-presenting cell immune therapeutics for gliomas. J. Clin. Investig. 2023, 133, e163449. [Google Scholar] [CrossRef]

	



Larkin, C.J.; Arrieta, V.A.; Najem, H.; Li, G.; Zhang, P.; Miska, J.; Chen, P.; James, C.D.; Sonabend, A.M.; Heimberger, A.B. Myeloid Cell Classification and Therapeutic Opportunities Within the Glioblastoma Tumor Microenvironment in the Single Cell-Omics Era. Front. Immunol. 2022, 13, 907605. [Google Scholar] [CrossRef]

	



Butterfield, L.H.; Jilani, S.M.; Chakraborty, N.G.; Bui, L.A.; Ribas, A.; Dissette, V.B.; Lau, R.; Gamradt, S.C.; Glaspy, J.A.; McBride, W.H.; et al. Generation of melanoma-specific cytotoxic T lymphocytes by dendritic cells transduced with a MART-1 adenovirus. J. Immunol. 1998, 161, 5607–5613. [Google Scholar] [CrossRef]

	



Müller, S.; Agnihotri, S.; Shoger, K.E.; Myers, M.I.; Smith, N.; Chaparala, S.; Villanueva, C.R.; Chattopadhyay, A.; Lee, A.V.; Butterfield, L.H.; et al. Peptide vaccine immunotherapy biomarkers and response patterns in pediatric gliomas. JCI Insight 2018, 3, e98791. [Google Scholar] [CrossRef]

	



Butterfield, L.H.; Vujanovic, L.; Santos, P.M.; Maurer, D.M.; Gambotto, A.; Lohr, J.; Li, C.; Waldman, J.; Chandran, U.; Lin, Y.; et al. Multiple antigen-engineered DC vaccines with or without IFNα to promote antitumor immunity in melanoma. J. Immunother. Cancer 2019, 7, 113. [Google Scholar] [CrossRef]

	



Butterfield, L.H.; Gooding, W.; Whiteside, T.L. Development of a potency assay for human dendritic cells: IL-12p70 production. J. Immunother. 2008, 31, 89–100. [Google Scholar] [CrossRef]

	



Kalinski, P.; Edington, H.; Zeh, H.J.; Okada, H.; Butterfield, L.H.; Kirkwood, J.M.; Bartlett, D.L. Dendritic cells in cancer immunotherapy: Vaccines or autologous transplants? Immunol. Res. 2011, 50, 235–247. [Google Scholar] [CrossRef]

	



Maurer, D.M.; Adamik, J.; Santos, P.M.; Shi, J.; Shurin, M.R.; Kirkwood, J.M.; Storkus, W.J.; Butterfield, L.H. Dysregulated NF-κB-Dependent ICOSL Expression in Human Dendritic Cell Vaccines Impairs T-cell Responses in Patients with Melanoma. Cancer Immunol. Res. 2020, 8, 1554–1567. [Google Scholar] [CrossRef]

	



Munson, P.V.; Adamik, J.; Hartmann, F.J.; Favaro, P.M.B.; Ho, D.; Bendall, S.C.; Combes, A.J.; Krummel, M.F.; Zhang, K.; Kelley, R.K.; et al. Polyunsaturated Fatty Acid-Bound α-Fetoprotein Promotes Immune Suppression by Altering Human Dendritic Cell Metabolism. Cancer Res. 2023, 83, 1543–1557. [Google Scholar] [CrossRef]

	



Adamik, J.; Munson, P.V.; Maurer, D.M.; Hartmann, F.J.; Bendall, S.C.; Argüello, R.J.; Butterfield, L.H. Immuno-metabolic dendritic cell vaccine signatures associate with overall survival in vaccinated melanoma patients. Nat. Commun. 2023, 14, 7211. [Google Scholar] [CrossRef]

	



Santos, P.M.; Menk, A.V.; Shi, J.; Tsung, A.; Delgoffe, G.M.; Butterfield, L.H. Tumor-Derived α-Fetoprotein Suppresses Fatty Acid Metabolism and Oxidative Phosphorylation in Dendritic Cells. Cancer Immunol. Res. 2019, 7, 1001–1012. [Google Scholar] [CrossRef]








[image: Cancers 16 00475 g001] 





Figure 1. Symposium speakers Drs. S. Gnjatic, R. Obeng, K. Lyerly, A. Sonnabend, J. Guevara-Patino, L. Butterfield. From left to right, top to bottom: Dr. Gnjatic is a professor of Oncological Sciences, Medicine, Hematology and Medical Oncology and Pathology, and Molecular and Cell Based Medicine at Icahn School of Medicine at Mount Sinai in New York, NY, USA. Dr. Obeng is an Assistant Professor in the Department of Pathology at the School of Medicine at Case Western Reserve University in Cleveland, OH, USA. Dr. Lyerly is a Professor of Surgery, Immunology, and Pathology at Duke University School of Medicine in Durham, NC, USA. Dr. Sonabend is an Associate Professor of Neurosurgery at Northwestern University. Dr Guevara-Patiño is a Professor of Immunology at Moffit Cancer Center in Tampa, FL, USA. Dr. Butterfield is Adjunct Professor of Microbiology and Immunology at the University California San Francisco and a Distinguished Scientist for Merck. 
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Figure 2. Forum discussion and audience engagement. (Top image): Forum panelists Drs. Kim Lyerly, Sacha Gnjatic, Lisa Butterfield, Rebecca Obeng and José Guevara-Patiño wondering what to measure in the immune system. Below, (left): Dr. Jeffrey Sosman asking a question from the audience. (Right): Dr. Holden Maecker leading the forum discussion. 
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Figure 3. Considering sources of variability in immune assessment. Sources of variability can be classified into sample handling, instrument settings and data analysis. Sample handling variability includes the type of sample, shipping parameters, activation methods used, immune cell purification performed, freeze–thaw procedures, and staining procedures used. 
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Table 1. CIMAC classification of immune monitoring protocols.
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	Tier 1
	Recommended for all longitudinally collected samples
	Whole exome sequencing

RNAseq/panel-based RNA sequencing (Nanostring),

PD-L1 and multiplex immunohistology for tumor tissues,

TCRseq of β-chain variable regions (Adaptive),

CyTOF mass cytometry

Olink proximity extension assay of soluble analytes

ELISA to measure immunogenicity of tumor-associated

antigens from blood.



	Tier 2
	Other approved assays
	scRNAseq and CITEseq

Spatial transcriptomics

scTCR and -BCRseq

Extracellular vesicle evaluation



	Tier 3
	May be performed
	Specific analysis of functional markers, phosphorylation Measurements and cytokine detection by CyTOF

ELISPOT to evaluate neoantigen expression

Tetramer analysis

Luminex/ELLA multiplex ELISA, seromics.










 





Table 2. Monitoring by spectral flow and CyTOF: a comparison.
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	Spectral Flow
	CyTOF





	Number of parameters
	30–40
	40–50



	Sensitivity
	Varies ~10x by channel
	Varies ~4x by channel



	Spillover
	Significant; requires deconvolution with single-color controls, panel design can be challenging
	Minimal; generally no compensation required, relatively easy panel design



	Acquisition speed
	3000+ cells/s
	200–300 cells/s



	Other limitations
	Tandem dye degeneration
	No light scatter parameters
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