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Summary

Immune-related toxicities, otherwise known as immune-related adverse events (irAEs), occur in a 

substantial fraction of cancer patients treated with immune checkpoint inhibitors (ICIs). Ranging 

from asymptomatic to life-threatening, ICI-induced irAEs can result in hospital admission, 

high-dose corticosteroid treatment, ICI discontinuation, and in some cases, death. A deeper 

understanding of the factors underpinning severe irAE development will be essential for improved 
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irAE prediction and prevention, toward maximizing the benefits and safety profiles of ICIs. 

In recent work, we applied mass cytometry, single-cell RNA sequencing, single-cell V(D)J 

sequencing, bulk RNA sequencing, and bulk T cell receptor (TCR) sequencing to identify 

pretreatment determinants of severe irAE development in patients with advanced melanoma. 

Across 71 patients separated into three cohorts, we found that two baseline features in circulation 

– elevated activated CD4 effector memory T cell abundance and TCR diversity – are associated 

with severe irAE development, independent of the affected organ system within 3 months of ICI 

treatment initiation. Here we provide an extended perspective on this work, synthesize and discuss 

related literature, and summarize practical considerations for clinical translation. Collectively, 

these findings lay a foundation for data-driven and mechanistic insights into irAE development, 

with the potential to reduce ICI morbidity and mortality in the future.
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1. Introduction

Over the last decade, immune checkpoint inhibitors (ICIs) have revolutionized clinical 

oncology, yielding impressive gains in progression-free and overall survival in patients with 

metastatic melanoma1–4, lung cancer5–8, and other malignancies9–11. Currently, there are 11 

FDA-approved monoclonal antibody-based ICI therapies that boost anti-tumor immunity via 

blockade of inhibitory signaling in the tumor microenvironment12,13. Such agents include 

antibodies that target cytotoxic T lymphocyte antigen 4 (CTLA-4), programmed-cell death 1 

(PD-1) or its ligand (PD-L1), and more recently, lymphocyte activation gene 3 (LAG-3)14. 

Building upon this success, many studies are now underway to identify and translate 

novel immunomodulatory signaling axes and ICI treatment combinations15–19. The latter is 

exemplified by the recent FDA approval of dual PD-1 and LAG-3 blockade in patients with 

advanced melanoma20. Such efforts, along with recent advances in engineered T cells21–25, 

are poised to dramatically improve cancer patient outcomes in the coming decade.

Despite the efficacy of ICIs, they also carry the risk of eliciting immune-related adverse 

events (irAEs) – temporary or lasting inflammatory toxicities that can be debilitating or 

even life-threatening26. ICI-induced irAEs affect a variety of organ systems including 

lungs, heart, joints, thyroid, pituitary, liver, colon, nervous system, and skin30, and are 

clinically graded on a scale of 1 to 5, according to severity27. Symptomatic grade 

2 irAEs are typically managed conservatively in the outpatient setting, while grade 3 

and higher toxicities can become life-threatening, requiring inpatient management and 

immunosuppression with agents such as infliximab (anti-TNF-α), mycophenolate, and high-

dose corticosteroids28–31. Between 10% and 60% of all ICI-treated patients develop severe 

irAEs (grade ≥3), with rates being highest in patients treated with combination checkpoint 

blockade with anti-CTLA-4 and anti-PD-1 antibodies1,2, and lower in those treated with 

anti-PD-1 monotherapy3. Additionally, the majority of irAEs occur early – within 14 

weeks of starting ICI treatment32,33. Though irAEs may phenotypically mimic primary 
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autoimmune disorders34, and patients with a diagnosis of autoimmunity are at increased 

risk for irAE development35,36, many patients with no obvious personal or family history of 

autoimmunity still develop severe irAEs37. Ultimately, these toxicities can cause treatment 

discontinuation31, hospital and intensive care unit admissions38, and occasionally deaths39, 

while also incurring high costs on the healthcare system at large40.

Currently, mechanisms of irAE pathophysiology are not well understood, in part because 

pre-clinical mouse models either underestimate irAE rates compared to human patients41 

or fail to recapitulate critical features of human irAE biology42–44. Moreover, the majority 

of irAEs do not appear to be the result of cytotoxicity from ICIs directly interacting with 

normal tissue, although this mechanism appears to predominate in the case of anti-CTLA-4-

mediated pituitary dysfunction45.

In addition to an incomplete mechanistic understanding of irAEs, there is also a paucity 

of biomarkers predictive of irAE risk. Such determinants could suggest novel avenues for 

targeted mechanistic studies, as they have done for markers of ICI response, including 

PD-L1 staining46–48, mismatch repair deficiency11, tumor mutational burden (TMB)49–51, 

and tumor-infiltrating lymphocyte composition52–54. Unfortunately, there is no clinical assay 

to determine pretreatment which patients will experience severe irAEs. Such an assay 

could help prevent substantial morbidity, or even mortality, and could help clinicians select 

alternative therapeutic measures (e.g., withholding adjuvant immunotherapy in stage III 

melanoma after surgical resection, or favoring anti-PD-1 monotherapy, which has a lower 

severe irAE rate than combination ICIs) in patients at risk for severe irAE outcomes.

In a recently published study, we showed that clonally diverse activated CD4 memory T 

cells are significantly elevated in pretreatment blood from patients with advanced melanoma 

who develop severe or life-threatening irAEs following ICI therapy55. Here we present an 

extended perspective on this work, contextualize it with respect to blood-based biomarkers 

and related literature, and discuss potential considerations for clinical translation.

2. Circulating correlates of ICI-induced irAEs

In 2011, less than 2% of US cancer patients were eligible to receive ICI therapy, but by 

2018 the estimated eligibility rose to as high as 44%56. Accordingly, the number of patients 

suffering from debilitating ICI-induced irAEs is also projected to rise substantially over the 

next decade57. A clinically validated assay predictive of severe irAE development would 

help to identify patients at serious risk for morbidity, allowing for more precise clinical 

decision-making with better anticipation of these toxicities and potential preventative 

measures.

Blood-based predictive biomarkers of irAE development would be clinically ideal as 

they can be noninvasively assessed and serially monitored, similar to liquid biopsies that 

measure ctDNA58–64. Two general classes of circulating biomarkers include cytokines 

and immune cells. Among cytokine biomarker studies, Lim et al. showed that an 11-

cytokine toxicity (CYTOX) score predicted irAE development in 98 melanoma patients with 

modest performance in their independent pretreatment and on-treatment validation cohorts 
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(area under the curve (AUC) = 0.68 and 0.70, respectively)65. Other studies focused on 

cytokine fluctuations associated with specific irAEs such as thyroiditis66, colitis67,68, and 

dermatitis69. Among circulating immune cell biomarker studies, one group demonstrated 

skewed cellular proportions at baseline, namely low pre-ICI neutrophil-to-lymphocyte 

ratios (NLR) and platelet-to-lymphocyte ratios (PLR), which were associated with irAE 

development (OR = 2.2–2.8) across 184 lung cancer patients70. Additionally, in two studies 

focusing on B cells and irAEs, researchers, including members of our group, showed that 

a higher proportion of CD21-low B cells among total B cells at baseline71 and early 

on-treatment increases in CD21-low B cells72 were both associated with immune toxicity.

While these prior studies on circulating biomarkers are a vital step in the right direction, 

certain aspects of their experimental design, patient cohorts, and overall findings may 

limit their implementation in the clinic. For example, the studies showing distinct cytokine 

profiles associated with organ system-specific irAEs67–69,73 were all performed in small 

patient cohorts (n < 40) that did not include held-out validation cohorts. The lack of 

validation cohorts and low patient recruitment means any conclusions from these studies 

may not be broadly applicable. Lim and colleagues included a held-out validation cohort 

in their CYTOX study and assessed its ability to predict severe irAEs, defined as irAEs 

requiring ICI interruption and the use of high-dose steroids or other immunomodulatory 

drugs. Still, CYTOX performance in the validation cohort was moderate (AUC = 0.68)65. 

This modest performance could be driven by a lack of specificity due to inter-individual 

variability in baseline cytokine levels. Indeed, any potential irAE-related cytokine signal 

could be diluted by cytokine fluctuations caused by competing factors such as infection, 

inflammation, and tissue damage74. Lastly, technical limitations such as degradation during 

sample storage may have impacted the sensitivity of cytokine-based irAE studies75.

Earlier cellular biomarker studies also have limitations that prevent their translation into 

the clinic. While the study by Pavan et al. on NLRs and PLRs was completed in a large 

cohort of lung cancer patients (n = 184), the majority of irAEs reported were grade 1 or 

grade 270. Advanced knowledge of low-grade irAEs will not ultimately change the clinical 

management of these patients. In fact, this and other studies have shown that non-severe 

irAEs are prognostic of ICI clinical benefit70,76–79. Therefore, to have clinical utility, a 

prospective biomarker should predict severe toxicity and should lack significant association 

with ICI efficacy. With respect to the studies on CD21-low B cells72,80, both studies lacked 

substantial patient numbers and held-out validation cohorts. Therefore, similar to the organ 

system-specific cytokine studies, it is difficult to extrapolate the findings from these B cell 

studies into larger patient cohorts until additional validation studies are carried out.

3. Peripheral CD4 T cell features associated with ICI immunotoxicity

To complement and build upon previous work, we recently sought to identify cellular 

correlates of severe early-onset irAE development using pretreatment peripheral blood 

mononuclear cells (PBMCs) from patients with advanced melanoma treated with anti-PD-1 

monotherapy or anti-PD-1 and anti-CTLA-4 combination therapy. Our study was based 

on the hypothesis that ICI-induced irAEs, similar to flare-ups in patients with primary 

autoimmunity, are symptomatic exacerbations that occur in the context of a baseline 
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dysregulated immune state unleashed by ICI treatment. In support of this concept, Cebula 

and colleagues reported that self-reactive CD4 T cells are pervasive in the peripheral blood 

of healthy adult C57BL/6 mice, but are normally constrained by regulatory T cells81. We 

began by assembling three distinct cohorts of PBMC samples from patients with melanoma, 

including samples obtained from two academic medical centers. We then comprehensively 

profiled 20 immune cell states with mass cytometry time of flight (CyTOF) in pre-ICI 

PBMCs from a discovery cohort of 18 patients with advanced melanoma. Only elevated 

CD4 effector memory T cell (TEM) levels were significantly associated with severe irAEs 

following multiple hypothesis testing (P = 0.0002; Q = 0.004)55.

In addition to mass cytometry, we applied single-cell RNA sequencing (scRNA-seq) 

to pretreatment PBMCs from a subset of the same patients (n = 13). These data 

corroborated our CyTOF results showing that higher levels of CD4 TEM cells are most 

significantly associated with severe irAEs (P = 0.01)55. Furthermore, using canonical 

markers of activation (CD38+, HLA-DR+, or Ki67+) to interrogate data from both single-cell 

modalities, we found that activated CD4 TEM cells were more strongly associated with 

severe irAE development than their resting counterparts.

Normalization considerations

Notably, our results were obtained by quantifying the absolute abundance of immune 

subsets, including CD4 TEM cells and activated/resting subsets, relative to total PBMCs. 

In contrast, quantifying CD4 TEM levels from total CD3 T cells reduced the strength of the 

association with severe irAEs, while quantifying them among total CD4 T cells led to the 

loss of significance altogether (Supplementary Figure 2 in Lozano et al.55). Thus, absolute 

cell type abundances can yield important insights that are weakened or lost when evaluating 

cell type abundances relative to parental populations. These data underscore the importance 

of normalization considerations when analyzing cell type composition82.

TCR diversity and severe irAEs

We next wondered whether pretreatment TCR diversity might also correlate with severe 

ICI-induced irAEs. Since we had performed single-cell V(D)J sequencing (scV(D)J-seq) 

jointly with scRNA-seq, we evaluated TCR diversity of multiple CD4 and CD8 T cell 

subsets and correlated these with severe irAE development. TCR diversity was calculated 

using Shannon entropy, which captures two major components of TCR diversity: evenness 

(inverse of clonality) and richness (number of unique TCR clones)83,84. Because CD4 TEM 

cells are memory cells, they are expected to display elevated TCR clonality85,86. Indeed, 

CD4 TEM cells displayed elevated clonality, as assessed by 1- Pielou’s evenness83, but 

this population also had a high number of unique clones relative to other T cell states – 

enough that TCR richness eclipsed the lower evenness within the CD4 TEM population. 

Therefore, we observed that high TCR diversity, specifically within T cells that had CD4 

TEM expression profiles, was an independent predictor of severe toxicity55. Of note, this 

finding extended to the aggregation of T cells pretreatment, with overall increased TCR 

diversity also significantly associated with severe irAEs. Still, when we subtracted diversity 

specific to CD4 TEM-related states from bulk TCR diversity, we observed that the majority 

of bulk TCR diversity elevation in patients who went on to develop severe irAEs was driven 
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by CD4 TEM cells55. Thus, a more diverse TCR repertoire at baseline in CD4 TEM cells, 

broadly reflected in bulk peripheral blood, appears to be associated with the development of 

severe ICI-induced irAEs.

Integrative modeling for prediction of irAE risk from pretreatment blood

To validate these findings, we performed bulk RNA sequencing (RNA-seq) of pre-ICI 

peripheral blood from two independent cohorts with 26 and 27 melanoma patients 

each (total 53 patients). We then analyzed the resulting data using 1) CIBERSORTx87 

deconvolution to infer cell state abundances, including activated CD4 memory T cells 

(CD4 TM), and 2) MiXCR88 to assemble TCRs, from which we calculated clonotypic 

diversity using Shannon entropy. Importantly, circulating CD4 TM cells enumerated by 

CIBERSORTx correlated strongly and specifically with the activated CD4 TEM subset that 

we identified by both CyTOF and scRNA-seq (Extended Data Figure 5 in Lozano et al.55). 

Moreover, patients with severe irAEs in both bulk cohorts showed significantly higher levels 

of activated CD4 TM cells and TCR diversity, demonstrating concordance across distinct 

patient cohorts and technologies. In contrast, levels of other cell subsets were not associated 

with severe irAE development.

We further explored whether integration of these two T cell characteristics would be more 

significantly associated with severe irAE development than either feature alone. Indeed, 

using a logistic regression framework to train a bivariable model, the resulting pretreatment 

model was highly predictive for severe irAE development across organ systems (AUC = 

0.90, P = 0.0004), including for patients treated with combination ICI therapy (AUC = 1.0, 

P = 0.04) and for distinguishing different irAE grades (Kruskal–Wallis test P = 0.0006). The 

model remained predictive for severe irAE development across clinical and epidemiologic 

subgroups.

Since anti-PD-1 treatment has a markedly lower severe irAE rate (~10%) than dual anti-

PD-1 and anti-CTLA-4 blockade (up to ~60%)1,89, we wondered whether the same T cell 

features might be predictive of irAE onset in both therapy types. To assess this, we trained 

the composite model using only combination therapy patients, then tested it on patients 

receiving anti-PD-1 alone. Strikingly, the model achieved an AUC of 0.795 in the latter 

group. Likewise, when training only on anti-PD-1 patients, the model achieved strong 

performance on combination therapy patients alone (AUC = 0.88). These data suggest that 

clonally diverse activated CD4 TM cells could underpin severe irAEs arising from both ICI 

regimens.

Independence of the composite model from ICI response

To be clinically useful, any biomarker of ICI-induced irAEs must be independent of features 

that predict response to ICIs. Importantly, we observed no significant association between 

the pretreatment composite model and durable clinical benefit from ICI treatment, whether 

in the held-out bulk validation cohort (AUC = 0.51, P = 0.91) or across all bulk cohort 

patients assessed by leave-one-out cross-validation (AUC = 0.63, P = 0.13). Still, Kagamu 

et al. found that in non-small cell lung cancer patients treated with anti-PD-1 monotherapy, 

CD62low CD4 T cells in peripheral blood were enriched pretreatment in patients who 
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responded90. However, the CD62low CD4 T cell population identified by Kagamu et al. 

encompassed both TEM and TEMRA cell subsets, and classically defined CCR7−/CD45RA− 

CD4 TEM cells were not associated with anti-PD-1 response in this study90. Kagamu et al. 

also did not consider TCR diversity in their methodology, as we did with our composite 

model. Regardless, future work will be needed to definitively establish whether clonally 

diverse activated CD4 TEM cells specifically associate with severe irAE development and 

not durable clinical benefit.

On-treatment correlates of ICI-induced irAEs

Any T cell state that preferentially expands prior to irAE onset is likely to be linked to irAE 

etiology. Therefore, we applied immunoSEQ® to profile bulk TCR-ß repertoires in paired 

pre- and early on-treatment PBMC samples collected from 15 melanoma patients treated 

with combination ICIs. Strikingly, patients who developed severe irAEs experienced clonal 

expansion early on-treatment, with the level of TCR clonal expansion correlating with how 

quickly patients developed severe irAEs. Interestingly, we also found that persistent TCR 

clonotypes were enriched for an activated CD4 TEM transcriptomic signature55, suggesting 

that these cells were expanding rapidly with combination ICI administration in patients who 

went on to develop severe irAEs.

Severe irAEs versus frank autoimmunity

Given the phenotypic resemblance between severe irAEs and frank autoimmunity, we 

sought to investigate potential connections between these two entities. While none of the 

patients in our study had a known history of autoimmune disorder (which is considered 

a contraindication for checkpoint blockade91), we were able to mine publicly available 

peripheral blood bulk transcriptomic data from six studies covering 587 patients with 

either systemic lupus erythematosus or inflammatory bowel disease along with 191 healthy 

controls92–97. Across this large meta-dataset, which we deconvolved with CIBERSORTx, 

we again found that activated CD4 TM cells were significantly enriched in patients with 

frank autoimmunity and were enriched at higher levels than 14 other immune subsets, 

including CD8 T cells, Treg cells, B cells, and monocytes. These data imply that mechanisms 

underlying autoimmunity may share biology with those that underpin risk for severe irAE 

development, indicating that severe irAE risk could represent subclinical autoimmunity 

that becomes unmasked by immune checkpoint blockade, as has been suggested by case 

reports98–100.

4. Additional evidence linking CD4 TEM cells to ICI-induced irAEs

As with all correlative studies, it will be important to validate our findings prospectively, 

across multiple cancer types, and to delve deeper into the potential mechanisms that connect 

activated CD4 TM/TEM cells to ICI-induced irAEs in the affected tissues. However, in the 

absence of prospective validation, it is useful to synthesize data from retrospective studies 

published by other groups. Indeed, a number of recent studies implicate CD4 TM cell 

subpopulations or TCR diversity in irAE onset and/or pathology101–111. Below we highlight 

key results from such studies and provide a more comprehensive summary of related 

findings in Figure 1. We also explore potential mechanistic connections between CD4 
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TM/TEM cells and other factors that may underlie irAE development, including autoreactive 

tissue-resident memory CD8 T cells at the site of toxicity.

We begin by summarizing several studies reporting a connection between CD4 TM/TEM 

cells and irAE incidence. For example, Hutchinson et al. recently applied clinical flow 

cytometry to peripheral blood derived from 44 patients with metastatic melanoma prior 

to combination ICIs, and found that patients who developed ICI-induced hepatitis had 

significantly elevated pretreatment CD4 TEM levels (P = 0.019)102 (Figure 1). The authors 

confirmed this finding with a validation cohort of 45 additional melanoma patients treated 

with combination ICIs (P = 0.018). Notably, no associations between elevated pretreatment 

CD4 TEM levels and other irAE types were observed. That said, the authors normalized CD4 

TEM levels relative to total CD4 T cells (not total PBMCs as in Lozano et al.55) and did not 

specifically examine severe (grade 3+) irAEs.

In another recent study, Bukhari et al. applied scRNA-seq and cellular indexing of 

transcriptomes and epitopes (CITE-seq) to PBMCs from a heterogeneous cohort of 18 lung 

cancer patients, 4 prostate cancer patients, and 2 head and neck cancer patients treated with 

various ICI regimens (anti-PD-1 or anti-PD-L1 or combination ICIs). Gene set analysis 

revealed increased expression of cytotoxic and proinflammatory genes in CD4 T effector 

and memory subsets in irAE patients compared to patients with no irAEs107. The authors 

then characterized CD4 T cell clusters and attempted to associate them with organ-specific 

irAEs. A cluster composed of CD4 T helper 1/helper 2 (Th1/2) cells was significantly 

elevated at baseline in patients who developed ICI-induced arthritis (P = 0.015)107 (Figure 

1), but did not display differences in patients who developed pneumonitis or thyroiditis. 

This CD4 Th1/2 population had low CCR7 and TCF7 expression, suggesting an effector 

memory phenotype. Further gene expression profiling of this cell population revealed 

significant upregulation of inflammatory genes, and gene ontology and network analysis 

revealed substantial overlap with genes related to autoimmune and activated CD4 T cell 

conditions including inflammatory arthritis. Further investigation of the data revealed that 

pneumonitis patients had a specific Th2 cell state enriched in peripheral blood at baseline, 

while thyroiditis patients had elevated baseline levels of a Th17 population107 (Figure 1). 

Interestingly, the Th2 and Th17 cell states associated with pneumonitis and thyroiditis, 

respectively, also had low CCR7 expression, again suggesting effector memory phenotypes. 

These data suggest that various CD4 T cell states with activated, inflammatory, effector and 

memory phenotypes are enriched pretreatment in irAE patients.

Similarly, Nuñez et al. recently described early on-treatment expansion of CD4 T cells 

expressing activation and proliferation markers (CD38 and Ki67) in a mixed cohort of lung 

cancer and melanoma patients who developed irAEs following treatment with anti-PD-1, 

anti-PD-L1, anti-CTLA-4, or combination ICIs101. As Johnson and Balko pointed out in 

their perspective article, it is unclear if the authors specifically assessed irAE associations 

with CD4 TEM cells112, despite the study mentioning this population in their FlowSOM-

guided cell clustering approach101. Still, the proliferating on-treatment CD4 T cells appear 

to have a TEM phenotype, as they express low levels of CD27 and lack CCR7 and CD45RA 

expression (Figure 1). The study also reported an on-treatment increase in the Th1-associated 

cytokines IFN-γ, CXCL9, CXCL10, and CXCL11 in toxicity patients. Likewise, Reschke et 
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al. 2021 used flow cytometry to serially profile PBMCs from 17 melanoma patients treated 

with either anti-PD-1 or combination therapy104 (Figure 1). They observed an increase in 

circulating activated CD4 T cells on-treatment in patients that developed irAEs with the 

largest spike by the second or third week after ICI treatment initiation.

Furthermore, a recently submitted pre-print by van Eijs and colleagues leveraged multicolor 

flow cytometry and a multiplex serum immunoassay to longitudinally profile B and T cells 

in a 44-patient multi-cancer cohort treated with combination therapy or PD-1 alone and 

found an early on-treatment increase in CD4 TEM proliferation113 (Figure 1). In support 

of our findings, this study found that higher pretreatment CD4 TEM proliferation was 

associated with a shorter time to toxicity development in patients receiving combination 

ICIs. Moreover, in the combination ICI group, cycling Th1 memory cells were highly 

proliferative and Th17 cells increased significantly in on-treatment patients that developed 

irAEs113 (Figure 1). These cellular findings were corroborated by increases in serum Th1-

associated cytokines (CXCL9 and CXCL10), similar to Nuñez et al.101.

While there is overall consistency between the aforementioned studies implicating CD4 T 

cell states in irAE development, the association between activated CD4 TEM/TM cells was 

strongest in Lozano et al. One potential reason for this is that Lozano et al. specifically 

focused on identifying cellular characteristics associated with severe irAE development, 

defined by grade 3 or higher toxicity55. In contrast, other studies correlated with ≥ grade 

2 toxicities102,107,113 or with any toxicity including grade 1101,104. A second contributing 

factor could be that other studies mostly normalized CD4 T cell populations relative to 

parent lineages (i.e., T cells, CD4 T cells, or memory CD4 T cells)101,102,104,107,113,. 

In contrast, we found that over-normalizing the CD4 TEM population led to a loss of 

association with severe irAE risk55. Many of the other studies also utilized heterogeneous 

patient populations with multiple cancer types, ICI treatment regimens, and diverse 

treatment histories. In contrast, patient cohorts in Lozano et al. were more homogeneous, 

including only metastatic melanoma patients treated with either anti-PD-1 or combination 

anti-PD-1 / anti-CTLA-4, where 90% of patients had no prior history of ICI treatment55. 

Nevertheless, across diverse analytical approaches, ICI treatment regimens, and patient 

populations, including distinct cancer types, many independent lines of evidence now 

implicate circulating CD4 memory T cell states, especially TEM populations, in ICI-induced 

irAE development (Figure 1).

Potential mechanisms connecting activated CD4 TM/TEM cells to irAEs

In addition to strong correlations with irAE incidence, there are multiple mechanisms by 

which clonally diverse activated CD4 TM/TEM cells might be causally linked to irAE 

development (Figure 2).

One potential mechanism is via the release of proinflammatory cytokines that drive 

a systemic proinflammatory state. This is in line with studies that have demonstrated 

several circulating cytokines are associated with irAE risk65–69,101,113 (Figure 1). For 

instance, systemic IL-17A, produced by Th17 cells, is known to drive ICI thyroiditis in 

mice114 (Figures 1 and 2). Furthermore, in melanoma patients treated with anti-CTLA-4, 

high baseline IL-17 levels were associated with severe cases of ICI colitis68. Indeed, 
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some steroid-resistant immune toxicities can be resolved using the anti-IL17A antibody 

secukinumab115. High circulating levels of other CD4 T cell-derived cytokines have also 

been shown to be associated with irAE development, including IFN-γ, released by Th1 

cells101. Thus, CD4 TM cells with distinct T helper phenotypes could release inflammatory 

cytokines that drive irAE development (Figures 1 and 2).

Beyond eliciting systemic inflammation, CD4 TEM cells could underpin irAE development 

through a more TCR-dependent mechanism. However, this would require CD4 TEM TCRs 

to recognize self-tissues. Indeed, a case report on erythema nodosum (EN)-like toxicity in 

a metastatic melanoma patient treated with combination and anti-PD-1 ICIs revealed that 

the dominant TCR clones in inflammatory lesions co-localized with activated CD4 TM cells, 

and their TCR repertoires did not overlap with TCRs in the tumor116. This suggests that 

activated CD4 TM cell clones within tissue were directly driving toxicity via recognition 

of self-antigens. In addition, both our own data55 and Andrews et al.111 demonstrated that 

melanoma patients who develop severe irAEs have elevated baseline TCR diversity (Figure 

1). Our analysis went further to suggest that CD4 TEM cells account for the majority of this 

increased TCR diversity. Given these data, we hypothesize that the expanded TCR repertoire 

of CD4 TM cells increases the probability that some TCR clones will recognize non-tumor 

targets, including self or viral antigens117,118. Data supporting the latter is evident in the 

study performed by Hutchinson et al., where patients who developed ICI-induced hepatitis 

had pretreatment cytomegalovirus (CMV) seropositivity and higher levels of CMV-reactive 

CD4 TEM cells compared to non-hepatitis patients102 (Figure 1). This study also showed that 

CD4 TEM expansion was specifically associated with ICI hepatitis102. As CMV is known to 

infect the liver119, Hutchinson et al. went on to show that prophylactic anti-viral treatment 

with valganciclovir in patients with high baseline CD4 TEM levels and CMV-seropositivity 

prevented ICI hepatitis from developing. Therefore, CD4 TEM cells with CMV-reactive 

TCRs were likely responsible for driving hepatic immune toxicity.

A similar process was described in a case study of a 70-year-old melanoma patient with 

no evidence of brain metastasis that died of ICI-induced encephalitis following anti-PD-1 

therapy106 (Figure 1). This patient’s cerebrospinal fluid was EBV-positive throughout 

treatment, implying neurological EBV infection. Additionally, spatial immune profiling 

showed that the patient’s inflamed brain tissue was enriched with activated CD4 TM cells, 

and TCR sequencing identified enrichment for EBV-reactive TCR clonotypes106. Thus, 

both this study and the one by Hutchinson et al. suggest that CD4 TM cells specific 

to viral antigens expanded in response to immunotherapy and drove irAE pathology in 

organs commonly targeted by those viruses. In the encephalitis patient, EBV-specific TCRs 

comprised 10% of the TCR clones found infiltrating the site of brain toxicity106, suggesting 

that remaining TCR clones could have targeted tissue-specific self-antigens as observed in 

earlier cases of fatal ICI-induced cardiotoxicity120. Lastly, although they did not perform 

TCR sequencing, both Luoma et al.108 and Reschke et al.105 identified CD4 TM cells at the 

sites of ICI toxicity.

Once at the site of tissue destruction, activated CD4 TEM cells may directly or indirectly 

drive auto-inflammation. Supporting evidence comes from the identification of activated 

CD4 TM T cells within irAE-involved organ tissue102,105,106,108,116 (Figure 2). In the 
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previously discussed encephalitis case study, researchers observed that activated CD4 TM 

cells in inflamed brain tissue expressed granzyme B (GZMB), a marker of cytotoxicity106. 

Additionally, a single-cell RNA-seq study of eight ICI colitis patients showed that GZMA, 
which encodes granzyme A, was a top differentially expressed gene in CD4 T cells from 

colitis tissue108. This study also found that T cell clusters expressing high GZMA in irAE-

inflamed colitis tissue had low CCR7 expression, suggesting memory differentiation108. 

Both studies illustrate how activated CD4 TM cells might use granzymes to directly cause 

ICI-associated tissue damage. Furthermore, relevant to the ICI encephalitis and colitis cases, 

direct CD4 T cell-mediated cytotoxicity is implicated in phenotypically similar autoimmune 

conditions including multiple sclerosis121,122 and ulcerative colitis123.

CD4 TM/TEM cells might also drive inflammation indirectly following tissue invasion, by 

providing help to cytotoxic CD8 T cells (Figure 2). Indeed, among 15 melanoma patients 

treated with either anti-PD-1 or combination ICIs, Reschke et al. detected a spike in 

activated CD8 T cells alongside the increase in CD4 TEM cells at the time of irAE onset104. 

Moreover, Nuñez et al. characterized a time-dependent relationship between the proportion 

of CD38+ Ki67+ CD8 T cells and severe irAE onset101. This study also demonstrated 

a spike in IFN-γ in addition to the chemokines CXCL9, CXCL10, and CXCL11 in 

patients that developed irAEs. IFN-γ, secreted by Th1 cells, is a known inducer of CXCL9, 

CXCL10, and CXCL11, which are CD8 T cell chemoattractants124. Thus, if CD4 TEM cells 

adopt a Th1 phenotype and secrete IFN-γ, they could increase cytotoxic CD8 T cell traffic 

to the site of inflammation. Indeed, the same publications on ICI-induced encephalitis106 

and colitis108 that observed enrichment of activated CD4 memory T cells also observed 

enrichment of cytotoxic CD8 T cells within irAE-involved tissues106,108. Furthermore, in the 

colitis study by Luoma et al., there was a high proportion of shared TCRs between cytotoxic 

CD8 T cells and tissue-resident CD8 memory T cells (CD8 TRM), suggesting that CD8 TRM 

cells could have differentiated into cytotoxic CD8 T cells to exert toxicity125. Thus, activated 

CD4 TEM cells could have provided proinflammatory cytokines to these dormant CD8 TRM 

cells, differentiating them into autoinflammatory effectors126.

Another potential mechanism by which activated CD4 TEM cells might exert ICI-induced 

toxicity is via interaction with myeloid cells within the affected tissue127 (Figure 2). 

Studies investigating cytokines associated with irAE development provide evidence of 

myeloid involvement. Notably, GM-CSF and G-CSF, two of the 11 cytokines comprising 

the CYTOX score65, are known myeloid growth factors128,129. In contrast to the role 

cytotoxic CD8 T cells likely play in ICI immune toxicity, the interaction between activated 

CD4 TM cells and monocytes/macrophages may involve reciprocal activation. Luoma et 

al. transcriptionally demonstrated that patients with ICI colitis have activated myeloid 

cells that express high levels of TNF-α, IL-1β, and other pro-inflammatory cytokines108. 

As mentioned before, Nuñez et al. characterized that IFN-γ, secreted by Th1 cells, and 

CXCL9–11101 were associated with irAEs. One potential source of these cytokines could 

be M1-polarized monocytes/macrophages124,130. Although the Nuñez study was unable to 

confirm that monocytes were the source of these increased cytokines, they did observe an 

early on-treatment increase in monocytes among melanoma patients responding to ICIs that 

had toxicity relative to ICI responders with no toxicity101. Moreover, in a study by Gudd et 

al. on ICI-related hepatitis, cytotoxic GZMB+ CD8 T cells were found to co-localize near 

Earland et al. Page 11

Immunol Rev. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activated CD163+ macrophages in inflamed liver tissue131. Thus, Th1-polarized autoreactive 

CD4 memory T cells could use IFN-γ to stimulate monocytes and macrophages to secrete 

proinflammatory cytokines, such as TNF-α, alongside T cell chemokines to recruit cytotoxic 

CD8 T cells and more activated CD4 T cells that continue to activate monocytes in a 

feed-forward loop. As noted above, steroid-resistant irAEs can be successfully treated with 

infliximab, a therapeutic monoclonal antibody against TNF-α, suggesting that breaking this 

feed-forward loop can be utilized therapeutically132,133.

Lastly, expansion of the CD4 TEM compartment could simply be caused by an upstream 

driver of immune toxicity, and thus CD4 TEM cells might represent a passenger biomarker 

associated with irAE development, without playing a direct role in exerting toxicity in the 

affected tissue (Figure 2). Future studies using systematically collected tissue and blood 

before and after irAE development, both in humans and in mice, will be required to 

determine which of these possibilities is correct.

5. Considerations for clinical translation

As detailed above, CD4 TM/TEM cells and TCR diversity are promising pretreatment 

correlates of severe irAE development (Figure 1), with important mechanistic implications 

(Figure 2). Based on these data, we propose the following roadmap for evaluating blood-

based assays to predict severe irAEs in the clinic (Figure 3).

An ideal clinical test, in our view, would be a bulk RNA sequencing assay. Indeed, 

cell type composition and TCR diversity can be simultaneously assessed from peripheral 

blood using bulk RNA-seq, with comparable performance across distinct batches (Lozano 

et al.)55. This would facilitate an off-the-shelf workflow for calculating the composite 

model reported in our study. Crucially, bulk RNA-seq is a mature, economical technology 

that can faithfully and reproducibly capture gene expression from even partially degraded 

material (down to ~10–50 ng of input), while also being amenable to targeted sequencing 

panels that can increase sensitivity while reducing costs even further. Additionally, the FDA 

has already granted Breakthrough Device designation for several cancer-focused RNA-seq 

panels, including MI Transcriptome™ CDx (Caris Life Sciences), TruSight™ Oncology 

Comprehensive (Illumina), and CancerDetect™ (Viome), paving the way for the eventual 

approval of RNA-seq-based companion diagnostics.

Flow cytometry is an alternative to bulk RNA-seq that already has considerable FDA 

precedent for use in clinical settings134, making it a potentially attractive assay for 

activated CD4 TEM quantification (Figure 3). Moreover, pretreatment activated CD4 TEM 

quantification by mass cytometry strongly correlated with severe irAE development in a 

discovery cohort55. Separately, the composite model could be rederived from activated 

CD4 TEM cell levels enumerated by flow cytometry and TCR diversity measured by 

immunoSEQ®, an assay that is commercially available for peripheral blood TCR clonotypic 

analysis (Figure 3). Future studies will be needed to test these possibilities and prospectively 

validate the leading approach.
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Lastly, it will also be critical in the future to combine circulating biomarkers of severe 

irAE development with biomarkers of durable ICI benefit. This will yield a comprehensive 

clinical framework to jointly predict both the risk of severe toxicity and the probability of 

benefit. It might be possible to develop such a comprehensive blood-based assay by profiling 

only CD4 and CD8 T cell states. Indeed, it has been shown that CD8 T cell levels are 

lower pretreatment in melanoma and lung cancer patients that respond to PD(L)1 checkpoint 

blockade135,136. This type of comprehensive blood-based assay could have a tremendous 

clinical impact across diverse cancer patient populations.

6. Concluding remarks

In summary, activated CD4 TEM cells and TCR diversity represent important candidate 

biomarkers for predicting severe ICI-induced irAEs, with implications that point to the 

mechanistic core of irAE development. The literature we have synthesized here overall 

support this assertion, however, it will be important to perform prospective validation 

and assess translational potential. Overall, we hypothesize that clonally diverse CD4 TEM 

cells are at the center of a latent autoinflammatory potential that exists at baseline and 

is unmasked by ICI treatment. If prospectively validated, this autoinflammatory state has 

the potential to be detected using practical technologies such as bulk RNA sequencing or 

flow cytometry in order to predict who is most at risk of suffering from severe ICI-induced 

toxicity.

Despite growing evidence connecting CD4 TM/TEM cells to various manifestations of 

ICI-induced irAEs, many questions remain. For example, it is unclear how pervasive this 

association is across diverse ICI regimens, cancer types, and irAE types, especially those 

with late-onset (occurring after 3 months) or that rarely occur (e.g., myocarditis).

If clinicians had a practical assay that could reliably predict susceptibility to severe irAEs, 

it could be leveraged to more closely monitor at-risk patients, and potentially personalize 

early administration of targeted immunosuppressive therapeutics such as infliximab28–31. 

Additionally, the administration of immune checkpoint blockade itself could be further 

personalized, for example by considering active surveillance rather than adjuvant immune 

checkpoint blockade in stage II-III melanoma patients following surgery who are found to 

be at high risk for severe irAE development, or similarly for consideration of neoadjuvant 

checkpoint blockade prior to definitive resection. A deeper mechanistic understanding of 

irAE development could also yield further insights into pathophysiology and point toward 

the development of entirely new classes of irAE-specific preventative and therapeutic 

measures.
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Figure 1. Studies linking CD4 T cell features to immune-related adverse events from immune 
checkpoint blockade.
a. Lozano et al. recently identified elevated levels of clonally diverse activated CD4 

effector memory T (CD4 TEM) cells in circulation as a strong pretreatment determinant 

of ICI-induced severe irAEs in patients with advanced melanoma. b. Studies connecting 

ICI-induced irAEs in cancer patients to CD4 TEM/TM and other CD4 T cell states, T cell 

receptor (TCR) diversity, and circulating cytokines. Time points are relative to ICI treatment. 

tx, treatment. *, irAE-enriched CD4 TEM cells in Yasuda et al. 2021 also expressed CD27. 

c. Reported sites of organ system toxicity, related to the studies and data in panel b. CTCAE 

grade 3 or higher toxicities were considered for Lozano et al., while the other studies had a 

lower or no toxicity grade threshold.
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Figure 2. CD4 TEM cells as potential mediators of ICI-induced irAEs.
CD4 TEM cells may traffic to sites of future toxicity from the peripheral blood, then 

directly or indirectly contribute to irAE etiology via several scenarios, including 1) direct 

TCR-mediated cytotoxicity, 2) activation of tissue-resident CD8 memory T cells (CD8 TRM) 

that drive toxicity, or 3) activation of myeloid cells that exert tissue toxicity through innate 

proinflammatory programs or further activation of cytotoxic T cells. Alternatively, CD4 

TEM cells may not be directly involved in irAE development but may instead represent 

a circulating biomarker with a different upstream mediator responsible for direct tissue 

toxicity.
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Figure 3. Potential roadmap for clinical assay development.
Following prospective enrollment and peripheral blood collection pretreatment, ICI-induced 

irAE risk may be predicted using (A) a dual biomarker approach with bulk RNA sequencing 

to quantify both activated CD4 TEM abundance and TCR diversity, (B) a single biomarker 

approach using clinical flow cytometry to quantify CD4 TEM abundance, or (C) a dual 

biomarker approach that pairs clinical flow cytometry with TCR sequencing.
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