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Introduction

Immune checkpoint inhibitor-induced isolated adrenocorticotropic hormone (ACTH) deficiency (ICI-IAD) represents a critical endocrine immune-related adverse event (irAE) that may become life-threatening without timely diagnosis. Most cases present with suppressed ACTH and cortisol levels; however, a subset of patients shows preserved ACTH levels despite biochemical evidence of adrenal insufficiency. The mechanism and clinical implications underlying this discordance remain poorly defined. This study aimed to investigate the pathophysiological basis and clinical significance of preserved ACTH in patients with ICI-IAD.





Methods

This study involved retrospective and prospective analysis of 49 patients diagnosed with ICI-IAD. Based on plasma ACTH levels, patients were categorized into ACTH-preserved (≥10 pg/mL) and ACTH-depleted (<10 pg/mL) groups. Comparisons included clinical characteristics, hormone responses to stimulation tests, steroid metabolite levels, and molecular features of circulating ACTH.





Results

The ACTH-preserved phenotype accounted for 14% of the cohort. Clinical characteristics—including cancer types and ICI regimens—did not differ significantly between the two groups. Despite preserved ACTH levels, cortisol and downstream steroid production remained equally suppressed. All patients who underwent the Synacthen test showed impaired adrenal reserve, confirming that adrenal insufficiency occurred even in cases with preserved-range ACTH values. Corticotropin-releasing hormone stimulation tests revealed similarly blunted pituitary responses in both groups. Gel filtration chromatography identified high-molecular-weight ACTH forms in the preserved group, suggesting altered proopiomelanocortin processing or post-translational modifications that impaired ACTH bioactivity.





Conclusions

Adrenal insufficiency may occur when plasma ACTH levels remain within or above the normal range. Diagnosis based solely on ACTH measurements risks underrecognition of ICI-IAD. Comprehensive endocrine assessment—including dynamic hormone testing and detailed steroid profiling—enhances diagnostic accuracy and informs timely intervention.
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1 Introduction

The advent of immune checkpoint inhibitors (ICIs) has dramatically transformed the therapeutic landscape for various malignancies (1, 2). By targeting the programmed death-1/programmed death-ligand 1 (PD-1/PD-L1) or cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) pathways, ICIs enhance antitumor immune responses and have demonstrated unprecedented survival benefits in multiple cancer types, surpassing conventional chemotherapy and molecular targeted agents (3). However, the potent immune activation triggered by ICIs is also associated with immune-related adverse events (irAEs) (4, 5). Among endocrine irAEs, thyroid dysfunction, hypopituitarism, and type 1 diabetes mellitus have been widely reported (6–8). Of particular concern is ICI-induced isolated adrenocorticotropic hormone (ACTH) deficiency (ICI-IAD), a potentially life-threatening condition resulting from its rapid onset and irreversible course unless diagnosed and treated promptly (9).

ICI-IAD typically presents with sustained suppression of ACTH and cortisol levels, reflecting irreversible damage to corticotrophs in the anterior pituitary. In line with current irAE management guidelines, both ACTH and cortisol levels should be measured to assess the clinical status of patients when adrenal insufficiency is suspected (10–12). However, recent reports have documented cases showing transient or even persistent increases in ACTH levels before the onset of adrenal insufficiency (13–15). These findings suggest that structural or functional abnormalities in ACTH—rather than complete depletion—may contribute to ICI-IAD pathogenesis (16). Nonetheless, the mechanisms by which circulating ACTH becomes biologically inactive or undergoes molecular alterations remain poorly understood. Clinical observations at our institution also identified several patients with ICI-IAD who exhibited clear biochemical evidence of adrenal insufficiency despite ACTH concentrations remaining within the reference range. These patients were hypothesized to represent a distinct subgroup characterized by residual but bio-inactive ACTH, along with shared clinical and biochemical features.

This study comprised retrospective and prospective analyses of a cohort of patients diagnosed with ICI-IAD at our institution. Based on baseline ACTH levels at diagnosis, patients were stratified into ACTH-preserved (≥10 pg/mL) and ACTH-depleted (<10 pg/mL) groups, and clinical characteristics, pituitary function, steroidogenic profiles, and gel filtration chromatography (GFC) results were compared between the two groups. The analysis demonstrated that patients with preserved ACTH levels exhibited impaired adrenal steroidogenesis and evidence of structurally altered, high-molecular-weight ACTH as revealed by GFC.




2 Materials and methods



2.1 Ethics statement

This study was approved by the Institutional Review Board of Hiroshima University (approval number: E2023-0093). All procedures followed the principles outlined in the Declaration of Helsinki. Written informed consent was obtained from all patients enrolled prospectively. For retrospective data, an opt-out consent approach received prior approval from the ethics committee. All samples were anonymized and handled with strict confidentiality. No publication included any patient-identifiable data.




2.2 Study design, patient selection, and data source

This single-center, retrospective, and prospective observational study was conducted at the Department of Endocrinology and Diabetes, Hiroshima University Hospital.

A total of 49 patients were diagnosed with ICI-IAD between January 2019 and December 2024, including 24 retrospective and 25 prospective cases. Patients were divided into two groups based on baseline plasma ACTH levels at diagnosis: ACTH-preserved (ACTH ≥10 pg/mL) and ACTH-depleted (ACTH <10 pg/mL) groups (Figure 1). Clinical characteristics, hormonal responses, and adrenal steroid profiles were compared between these two groups to assess differences in disease phenotypes and pathophysiology. To minimize confounding, patients with pre-existing pituitary disease or primary adrenal insufficiency were excluded. Furthermore, all patients underwent comprehensive pituitary stimulation tests (corticotropin-releasing hormone (CRH), growth hormone-releasing peptide-2 (GHRP2), luteinizing hormone-releasing hormone (LHRH), thyrotropin-releasing hormone (TRH)) and pituitary magnetic resonance imaging (MRI), ensuring that subclinical pituitary disorders or primary adrenal disease were unlikely to have influenced the results. In addition, in a subset of patients, adrenal reserve was directly assessed using the short Synacthen test, which uniformly confirmed impaired adrenal responsiveness. All data were collected from electronic medical records.

[image: Flowchart depicting 49 patients diagnosed with immune checkpoint inhibitor-induced IAD from January 2019 to December 2024. Patients are divided based on baseline ACTH levels: 7 patients in the ACTH-preserved group with levels greater than or equal to 10 picograms per milliliter, and 42 patients in the ACTH-depleted group with levels less than 10 picograms per milliliter.]
Figure 1 | In the combined retrospective and prospective cohorts, 49 patients diagnosed with ICI-IAD between January 2019 and December 2024 were included. Based on baseline plasma ACTH levels, patients were categorized into the ACTH-preserved (≥10 pg/mL, n=7) and ACTH-depleted (<10 pg/mL, n=42) groups. ICI, immune checkpoint inhibitor; ICI-IAD, ICI-induced isolated adrenocorticotropic hormone deficiency; ACTH, adrenocorticotropic hormone.

Clinical data from patients diagnosed after January 2019 were retrospectively reviewed. In October 2023, the study began a prospective phase following institutional approval. Only patients with confirmed ICI-IAD were included for further analysis. The retrospective cohort (n = 24) primarily provided clinical and hormonal data, whereas the prospective cohort (n = 25) enabled systematic biobanking of serum and plasma samples. Since October 2023, all patients undergoing pituitary function testing at our institution have been prospectively registered, with paired serum and plasma systematically stored together with harmonized clinical information. This design minimized pre-analytical variability and ensured standardized data capture. The prospective collection allowed for advanced analyses, including liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based steroid profiling and GFC. Specimens from 9 prospective patients were consecutively selected, where available, from those with stored samples and used for these assays, in addition to 1 retrospective case previously analyzed for a conference presentation. We compared baseline characteristics and outcomes between retrospective and prospective cohorts and found no significant differences, supporting the validity of pooled analysis (Supplementary Table S1). This study design enabled the investigation of ACTH bioactivity and adrenal steroidogenesis in a well-characterized, prospectively followed ICI-IAD cohort.




2.3 Diagnosis of ICI-induced hypopituitarism

At Hiroshima University Hospital, the GHRP2 test and the CRH-LHRH-TRH-stimulating test were used to diagnose hypopituitarism. A diagnosis of hypopituitarism was made when hormone deficiencies were detected in any of the anterior pituitary lobes. In the GHRP2 test, growth hormone (GH) deficiency was defined as a peak GH level ≤9 ng/mL measured within 60 min following GHRP2 administration. The CRH-LHRH-TRH stimulation test began in the morning after a 30-min rest period. If the ACTH peak value after the intravenous administration of CRH 100 μg was less than 1.5 times or less than 30 pg/mL, ACTH deficiency was diagnosed. If the peak LH and follicle-stimulating hormone (FSH) levels after intravenous administration of 100 μg LHRH were less than twice the normal levels, and if the peak LH and FSH levels 30 min after LHRH loading were less than twice the normal levels, the patient was diagnosed with LH and FSH deficiencies. If the peak TSH level 30–60 min after intravenous administration of 500 μg TRH was less than 10 μU/mL, the patient was diagnosed with TSH deficiency. Although the participants in this study did not include patients who were using steroid preparations at the time of the examination, three of the ICI-IAD cases had a history of steroid treatment for the purpose of treating malignant tumors.

Adrenal reserve was assessed using the short Synacthen test in 24 of 49 patients. Intravenous ACTH 1–24 (250 µg) was administered, and serum cortisol was measured at baseline and at 30 and 60 min. The peak cortisol was defined as the highest value observed at either 30 or 60 min, and Δcortisol was calculated as peak minus baseline. An insufficient response was defined as a peak cortisol <18 µg/dL. For patients who underwent both Synacthen and CRH stimulation tests, correlations and agreement between pituitary and adrenal responses were analyzed. Agreement between CRH impairment and Synacthen insufficiency was assessed using Cohen’s kappa, and correlations between continuous measures (CRH ratio, Synacthen peak cortisol, and Δcortisol) were evaluated using Spearman’s ρ.




2.4 Definition of “preserved” and “depleted” groups

All patients underwent hormonal assessments both at symptom onset and during follow-up. Baseline morning plasma ACTH and serum cortisol concentrations were measured. Patients with plasma ACTH levels ≥10 pg/mL were categorized into the “preserved” group, whereas those with levels <10 pg/mL were placed in the “depleted” group. The 10 pg/mL threshold was selected based on the clinical criteria used to define ACTH suppression in subclinical Cushing’s syndrome (SCS), where ACTH levels below 10 pg/mL typically indicate suppressed endogenous secretion (17, 18). This cut-off provides a clinically relevant approach for patient stratification in this study, despite the fact that it has not been specifically validated for ICI-IAD.




2.5 ACTH structure analysis via gel filtration chromatography

GFC was used to analyze ACTH structure and investigate potential differences in molecular size. Plasma samples were collected from 10 patients, including seven in the ACTH-depleted group and three in the ACTH-preserved group. These 10 patients were consecutively selected, where available, from those with stored specimens.

ACTH concentrations in each fraction were measured using the AIA-CL system (AIA-CL2400, Tosoh Corporation, Tokyo, Japan) with the AIA-pack CL ACTH immunoassay reagent (Tosoh Corporation). Chromatographic separation was performed using two tandem TSK gel BioAssist G2SWxl PEEK columns (Tosoh Corporation). The mobile phase comprised 0.05% trifluoroacetic acid (TFA) and 50 mM potassium chloride (KCl), delivered at a flow rate of 0.5 mL/min.

The Prominence high-performance liquid chromatography (HPLC) system (Shimadzu Corporation, Kyoto, Japan), equipped with a CBM-20A system controller and a fraction collector, was employed for sample separation and sequential fraction collection. ACTH immunoreactivity in the collected fractions was analyzed to determine molecular weight profiles.

To enable quantitative comparison of ACTH peaks among patients, the main peak value (representing either high- or normal-molecular-weight ACTH) was corrected using the plasma ACTH concentration measured by the AIA system before chromatography. Specifically, the peak value (measured in arbitrary units) was multiplied by the ratio of the AIA-based ACTH concentration (pg/mL) to the total sum of ACTH values across all chromatographic fractions in the same sample. This correction provided an estimated concentration (pg/mL) for each ACTH peak, allowing for physiologically relevant comparisons across samples.




2.6 Steroid analysis

To assess whether preserved ACTH retained biological activity, a comprehensive steroid metabolome analysis was performed using stored serum samples from the same 10 patients described above.

Quantification of pregnenolone, progesterone, cortisol, and other relevant adrenal steroids was conducted using LC-MS/MS. Testing was performed by ASKA Pharmaceutical Medical Co. (Tokyo, Japan). Steroid concentrations were compared between groups to assess the functional effects of ACTH presence or absence.




2.7 Statistical analysis

All data were presented as median with interquartile range (IQR). The Mann-Whitney U test and Fisher’s exact test were applied to evaluate statistical significance between groups, as appropriate. Plasma ACTH was measured using the Roche Elecsys system (Roche Diagnostics, Mannheim, Germany; reference range, 7.2–63.3 pg/mL). For statistical analysis, values below the lower limit of detection (1.5 pg/mL) were assigned a value of 1.5 pg/mL. This substitution was applied to both basal ACTH levels and CRH stimulation test results. In contrast, undetectable values in GFC were treated as zero. All statistical analyses were performed using JMP 10 software (SAS Institute Inc.). Statistical significance was set at p < 0.05.





3 Results



3.1 Clinical characteristics of patients with ICI-IAD

The clinical characteristics and laboratory findings of the ACTH-preserved and ACTH-depleted groups are summarized in Tables 1 and 2, respectively.


Table 1 | Baseline clinical characteristics of 49 patients with ICI-IAD, stratified by ACTH status (ACTH-preserved vs. ACTH-depleted).
	Variables
	Overall (n=49)
	Preserved group (n=7)
	Depleted group (n=42)
	P value



	Age at diagnosis, median (IQR)
	71 (63–75)
	70 (43–74)
	71 (65–75)
	0.32


	Male, n (%)
	35 (71.4)
	6 (85.7)
	29 (69.1)
	0.34


	Tumor type, n (%)
	 
	 
	 
	0.75


	 Lung
	14 (28.6)
	3 (42.8)
	11 (26.2)
	 


	 Liver
	9 (18.3)
	1 (14.3)
	8 (19.0)
	 


	 Oral cavity
	5 (10.2)
	1 (14.3)
	4 (9.5)
	 


	 Gastric
	4 (8.2)
	1 (14.3)
	3 (7.1)
	 


	 Melanoma
	4 (8.2)
	0 (0)
	4 (9.5)
	 


	 Pleural mesothelioma
	4 (8.2)
	0 (0)
	4 (9.5)
	 


	 Breast
	2 (4.1)
	0 (0)
	2 (4.8)
	 


	 Ovary
	2 (4.1)
	0 (0)
	2 (4.8)
	 


	 Urothelial
	2 (4.1)
	0 (0)
	2 (4.8)
	 


	 Colon
	1 (2.0)
	1 (14.3)
	0 (0)
	 


	 Kidney
	1 (2.0)
	0 (0)
	1 (2.4)
	 


	 Unknown primary
	1 (2.0)
	0 (0)
	1 (2.4)
	 


	ICI type, n (%)
	 
	 
	 
	0.14


	 Anti PD-1
	21 (42.9)
	5 (71.4)
	16 (38.1)
	 


	 Anti PD-L1
	9 (18.4)
	2 (28.6)
	7 (16.7)
	 


	 Anti CTLA-4
	1 (2.0)
	0 (0)
	1 (2.4)
	 


	 Anti PD-(L)1 + Anti CTLA-4
	17 (34.7)
	0 (0)
	17 (40.4)
	 


	 Anti PD-1 + Anti PD-L1
	1 (2.0)
	0 (0)
	1 (2.4)
	 


	Time to develop IAD after starting ICI months, median (IQR)
	6.3 (4.2–8.9)
	6.0 (5.8–13.2)
	6.3 (4.0–8.8)
	0.55


	Number of ICI administrations until the development of IAD, median (IQR)
	5 (3–9)
	7 (3–18)
	5 (3–9)
	0.11


	Symptoms at diagnosis, n (%)


	 Fatigue
	40 (81.6)
	5 (71.4)
	35 (83.3)
	0.45


	 Anorexia
	35 (71.4)
	2 (28.6)
	33 (78.6)
	0.01


	 Nausea/vomiting
	18 (36.7)
	1 (14.3)
	17 (40.5)
	0.18


	 Hypotension
	5 (10.2)
	0 (0)
	5 (11.9)
	0.34


	 Diarrhea
	3 (6.1)
	0 (0)
	3 (7.1)
	0.47


	 Fever
	10 (20.4)
	0 (0)
	10 (23.8)
	0.15


	Pituitary MRI, n (%)
	 
	 
	 
	0.41


	 Empty sella
	3 (6.1)
	0 (0)
	3 (7.1)
	 


	 Enlargement of the pituitary gland
	2 (4.1)
	1 (14.3)
	1 (2.4)
	 


	 No remarkable change
	44 (89.8)
	6 (85.7)
	37 (88.1)
	 


	Other irAEs, n (%)
	 
	 
	 
	0.68


	 Thyroid dysfunction
	10 (20.4)
	2 (28.6)
	8 (19.1)
	 


	 Liver
	1 (2.0)
	0 (0)
	1 (2.4)
	 


	 None
	38 (77.6)
	5 (71.4)
	33 (78.6)
	 





P values were calculated using the Mann-Whitney U test and Fisher’s exact test, as appropriate.

ACTH, adrenocorticotropic hormone; ICI, immune checkpoint inhibitor; ICI-IAD, ICI-induced isolated ACTH deficiency; MRI, magnetic resonance imaging; irAE, immune-related adverse event.




Table 2 | Comparison of laboratory findings between the ACTH-preserved and ACTH-depleted groups at diagnosis.
	Variables
	Overall (n=49)
	Preserved group (n=7)
	Depleted group (n=42)
	P value



	ACTH (pg/mL)
	3.1 (1.5–8.1)
	19.5 (12.6–30.5)
	2.5 (1.5–5.6)
	<0.0001


	Cortisol (μg/dL)
	0.6 (0.3–1.4)
	1.4 (0.4–1.9)
	0.55 (0.3–1.33)
	0.35


	WBC (/μL)
	4770 (3650–6075)
	4540 (3690–5560)
	4820 (3590–6225)
	0.43


	Eo (/μL)
	360 (205–640)
	410 (320–640)
	330 (200–668)
	0.97


	Serum sodium (mmol/L)
	135 (131–138)
	133 (129–139)
	135 (131–137)
	0.92


	Serum potassium (mmol/L)
	4 (3.7–4.3)
	3.8 (3.7–4.1)
	4 (3.7–4.3)
	0.49


	Serum chloride (mmol/L)
	100 (98–104)
	103 (97–106)
	100 (98–104)
	0.46





P values were calculated using the Mann-Whitney U test.

ACTH, adrenocorticotropic hormone; ICI, immune checkpoint inhibitor; WBC, white blood cell count; Eo, eosinophils.





3.1.1 Baseline characteristics

Among 49 patients diagnosed with ICI-IAD, seven (14.3%) were classified as ACTH-preserved (ACTH ≥10 pg/mL), and 42 (85.7%) as ACTH-depleted (ACTH <10 pg/mL).

No statistically significant difference in mean age was observed between the preserved and depleted groups (70 [43–74] vs. 71 [65–75] years; p = 0.32), and most patients in both groups were male. Tumor types and ICI regimens did not differ significantly between groups. All patients in the ACTH-preserved group received monotherapy with anti–PD-(L)1 agents, whereas combination therapy with anti–PD-(L)1 and anti–CTLA-4 was exclusively observed in the ACTH-depleted group.

Longer time to IAD onset and a greater number of ICI treatments were observed in the ACTH-preserved group, although the differences did not reach statistical significance (p = 0.55 and p = 0.11, respectively).

Fatigue and anorexia were the most frequently reported symptoms. The ACTH-preserved group exhibited a significantly lower frequency of anorexia (28.6% vs. 78.6%, p = 0.01). Other symptoms and pituitary MRI findings were similar across groups. The incidences of other irAEs, including thyroid dysfunction, appeared comparable.




3.1.2 Hormonal and laboratory findings

Plasma ACTH levels were significantly higher in the ACTH-preserved group (19.5 [12.6 –30.5] pg/mL) compared to the ACTH-depleted group (2.5 [1.5–5.6] pg/mL, P < 0.001). However, serum cortisol levels remained low in both groups (1.4 [0.4–1.9] vs. 0.55 [0.3–1.33] μg/dL, p = 0.35), suggesting the presence of biologically inactive ACTH in the ACTH-preserved group.

White blood cell count, eosinophil count, and serum levels of sodium, potassium, and chloride showed no significant differences between groups.

Sensitivity analyses using alternative ACTH thresholds (5, 7.5, 10, and 15 pg/mL) yielded preserved groups of 18, 13, 7, and 5 patients, respectively. In all scenarios, patients classified as ACTH-preserved still demonstrated impaired adrenal reserve, indicating that our main conclusion—that basal ACTH values alone cannot exclude ICI-IAD—was robust to the choice of cut-off.





3.2 Correlation between ACTH and cortisol in preserved vs. depleted groups

The ACTH-preserved group (n = 7) showed no significant correlation between early morning ACTH and cortisol levels (ρ = 0.43, p = 0.33), with several patients exhibiting elevated ACTH levels despite low cortisol concentrations (Figure 2). In contrast, the ACTH-depleted group (n = 42) showed a significant positive correlation (ρ = 0.42, p < 0.01), indicating a proportional decrease in ACTH and cortisol levels.

[image: Scatter plots comparing cortisol levels against ACTH concentrations for two groups. Panel A shows the preserved group with cortisol values ranging from approximately 0 to 6 micrograms per deciliter and ACTH from about 10 to 40 picograms per milliliter. Panel B shows the depleted group with cortisol ranging from about 0 to 7 icrograms per deciliter and ACTH from 1 to 9 picograms per milliliter.]
Figure 2 | A significant correlation between ACTH and cortisol levels was observed only in the ACTH-depleted group. Scatter plots show Spearman’s rank correlation between ACTH and cortisol levels in (A) the ACTH-preserved group (n = 7) and (B) the ACTH-depleted group (n = 42). A moderate positive correlation was identified in the ACTH-depleted group (ρ = 0.42, p < 0.01), whereas no significant correlation was found in the preserved group (ρ = 0.43, p = 0.33), suggesting the presence of biologically inactive ACTH in some preserved cases. ACTH, adrenocorticotropic hormone.




3.3 Comparison of ACTH responses to CRH stimulation

The CRH stimulation test showed an abolished ACTH secretory response in both ACTH-depleted and ACTH-preserved groups (Figure 3). The peak ACTH level in both groups remained less than 1.5 times the basal level. No differences emerged in the peak-to-baseline ACTH ratio between the two groups (p = 0.73).

[image: Dot plot comparing ACTH peak-to-baseline ratios between preserved and depleted groups. Both groups show a similar spread of data points. “n.s.” indicates no significant difference.]
Figure 3 | Both ACTH-preserved and ACTH-depleted groups showed similarly blunted responses to CRH stimulation (peak-to-baseline ratio: 1.1 vs. 1.3, p = 0.73), suggesting that ICI-related corticotroph dysfunction is common in ICI-IAD regardless of baseline ACTH levels. These results support the utility of CRH testing when the diagnosis is unclear. ACTH, adrenocorticotropic hormone; CRH, corticotropin-releasing hormone; ICI, immune checkpoint inhibitor; ICI-IAD, ICI-induced isolated ACTH deficiency.

Among 49 patients, the short Synacthen test was performed in 24, comprising 21 in the depleted
group and 3 in the preserved group (prospectively enrolled: n = 23; retrospective: n = 1). One retrospective case underwent the Synacthen test, whereas one prospective case did not; both were classified into the ACTH-depleted group. In both groups, peak cortisol levels were markedly impaired, with all patients demonstrating insufficient responses (<18 µg/dL). Median peak cortisol was 4.6 µg/dL (IQR 3.0–6.8) in the depleted group and 11.5 µg/dL (IQR 6.3–13.4) in the preserved group. The corresponding Δcortisol values were 3.9 µg/dL (IQR 2.8–6.8) and 6.7 µg/dL (IQR 4.8–8.4), respectively (Supplementary Figure S1). On the Synacthen test, adrenal reserve was uniformly impaired across both the preserved and depleted groups, and no statistical difference could be detected between them.

All patients who underwent the Synacthen test also received CRH stimulation testing, allowing direct comparison between pituitary and adrenal responses. In the 24 patients who underwent both CRH and Synacthen testing, CRH responses were impaired in almost all cases, consistent with the lack of adrenal reserve on Synacthen testing. Correlation analyses showed that the CRH peak-to-basal ratio showed a non-significant correlation with Synacthen peak cortisol (ρ = 0.38, p = 0.07). As all patients demonstrated insufficient Synacthen responses, calculation of kappa coefficients was limited by the absence of discordant cases. These results indicate that pituitary hyporesponsiveness on CRH stimulation generally tracked with impaired adrenal reserve on Synacthen testing.




3.4 Clinical characteristics of 10 patients who underwent both LC-MS/MS-based steroid profiling and GFC

Supplementary Table S2 outlines the clinical characteristics of 10 patients who underwent both LC-MS/MS-based steroid profiling and GFC. Key variables included ACTH group classification (preserved or depleted), sex, age, primary diagnosis, duration from ICI initiation to IAD onset, primary tumor type, ICI regimen, pituitary MRI findings, presence of other endocrine irAEs, and baseline plasma ACTH and serum cortisol concentrations. This information provides essential context for interpreting the differences in steroidogenesis and ACTH molecular structure between the ACTH-preserved (n = 3) and ACTH-depleted (n = 7) groups. Apart from ACTH levels, which served as the basis for classification, no apparent differences in baseline characteristics were identified between the two groups.




3.5 Detection of high-molecular-weight ACTH

GFC analysis identified high-molecular-weight ACTH forms in all three ACTH-preserved cases. Elution patterns differed from that of standard ACTH 1–39, with earlier elution peaks indicating the presence of larger molecular species. After correction using plasma ACTH concentrations obtained via the AIA method, the corrected peak ACTH values in the ACTH-preserved group were significantly higher than those observed in the ACTH-depleted group (median: 5.3 vs. 1.9 pg/mL, p = 0.017) (Figure 4).

[image: Three-panel image: (A) Line graph showing ACTH levels with a peak at fraction 24 for HMW ACTH and a smaller peak at fraction 42 for 1-39 ACTH. (B) Flat line graph indicating low ACTH levels across fractions. (C) Scatter plot comparing corrected bio-inactive ACTH levels between preserved and depleted groups, showing a significant difference with p = 0.017.]
Figure 4 | HMW ACTH was prominently detected in the ACTH-preserved group. (A, B) Representative GFC profiles from the ACTH-preserved and ACTH-depleted groups, respectively. These profiles illustrate how circulating ACTH molecules are separated according to molecular size. Peaks appearing earlier than the standard ACTH 1–39 correspond to HMW forms, whereas later peaks reflect the normal-sized hormone. This comparison allows visualization of abnormal, larger ACTH species that were selectively present in the preserved group. (C) Summary of GFC findings in 10 patients (ACTH-preserved: n = 3; ACTH-depleted: n = 7). Corrected peak values of HMW ACTH were significantly higher in the preserved group compared to the depleted group (median: 5.3 vs. 1.9 pg/mL, p = 0.017). These findings suggest the presence of ACTH with altered molecular structure in the preserved group, potentially due to abnormal POMC processing or post-translational modifications. HMW, high-molecular-weight; ACTH, adrenocorticotropic hormone; GFC, gel filtration chromatography; POMC, proopiomelanocortin.




3.6 Steroid metabolome findings

Steroid profiling of 10 patients showed comparable serum adrenal steroid levels between the ACTH-preserved and ACTH-depleted groups. Detailed comparisons are presented in Figure 5, demonstrating no statistically significant differences in the levels of pregnenolone (p = 0.65), progesterone (p = 0.17), 11-deoxycorticosterone (p = 0.65), aldosterone (p = 0.65), 17-hydroxypregnenolone (p = 0.65), 17-hydroxyprogesterone (p = 0.17), 11-deoxycortisol (p = 1.0), or cortisol (p = 0.82) between the two groups. The lack of adrenal hormone preservation despite measurable ACTH levels supports the hypothesis that circulating ACTH in the preserved group lacked biological activity.

[image: Dot plots compare serum levels of various substances between preserved and depleted groups. Panels A to H show measurements for Pregnenolone, Progesterone, 11-Deoxycorticosterone, Aldosterone, 17-Hydroxypregnenolone, 17-Hydroxyprogesterone, 11-Deoxycortisol, and Cortisol. Each panel indicates no significant difference (n.s.) between groups.]
Figure 5 | No significant differences in adrenal steroid hormone levels were observed between ACTH-preserved and ACTH-depleted groups in the LC-MS/MS-based steroid profiling Scatter plots show serum concentrations of the following adrenal steroids: (A) pregnenolone, (B) progesterone, (C) 11-deoxycorticosterone, (D) aldosterone, (E) 17-hydroxypregnenolone, (F) 17-hydroxyprogesterone, (G) 11-deoxycortisol, and (H) cortisol. Each dot represents an individual patient. These findings suggest that adrenal steroidogenesis was comparably suppressed in both groups, regardless of baseline ACTH levels. ACTH, adrenocorticotropic hormone; LC-MS/MS, liquid chromatography–tandem mass spectrometry.





4 Discussion

This study examined ACTH secretion in patients diagnosed with ICI-IAD. A key observation identified 14% of patients (seven out of 49) exhibiting plasma ACTH levels within the normal range despite definitive biochemical evidence of adrenal insufficiency. Clinical and laboratory characteristics outlined in Tables 1 and 2 showed no significant differences between the ACTH-preserved and ACTH-depleted groups, apart from baseline ACTH levels and the frequency of appetite loss. Furthermore, the distribution of ICI regimens or primary tumor types showed no apparent group-specific patterns. These observations suggest that ACTH preservation or depletion may represent a common manifestation of ICI-IAD, independent of therapeutic agent or tumor origin. Notably, all patients in the ACTH-preserved group had received either anti–PD-1 or anti–PD-L1 monotherapy, with no cases involving combination therapy with anti–CTLA-4. Given that anti–CTLA-4 agents have been more strongly associated with hypophysitis than anti–PD-(L)1 agents, this observation may reflect differences in the underlying mechanisms of pituitary toxicity across ICI subclasses (19). Other potential contributors to adrenal insufficiency, such as prior glucocorticoid exposure, concomitant therapies, or critical illness, were also considered. Notably, patients with primary adrenal disease or known pituitary disorders were excluded, and none were receiving systemic glucocorticoids at the time of diagnosis. Although unrecognized pituitary or adrenal conditions cannot be completely ruled out, the use of dynamic stimulation tests and pituitary MRI substantially reduced the likelihood of such confounding. Although three patients had previously received glucocorticoids for cancer treatment, this exposure was remote and unrelated to the timing of adrenal insufficiency onset. These considerations reinforce that the clinical and biochemical features observed in this study are most consistent with an ICI-induced pathophysiology.

Our correlation analysis revealed contrasting ACTH–cortisol relationships between ACTH-preserved and ACTH-depleted groups. In the ACTH-preserved group, ACTH levels remained within the normal range despite low cortisol concentrations, resulting in a non-significant correlation. This pattern suggests that ACTH secretion is quantitatively preserved but functionally impaired in this group, potentially due to reduced bioactivity or molecular alterations that limit its ability to stimulate cortisol production. Conversely, the ACTH-depleted group exhibited a moderate positive correlation, indicating that although ACTH levels were reduced, its physiological activity remained relatively intact. These findings underscore the limitations of relying solely on ACTH levels when diagnosing IAD, particularly in patients with preserved-range ACTH and inadequate cortisol secretion.

These individuals, categorized as the ACTH-preserved group, showed markedly reduced serum cortisol levels and poor responsiveness to CRH stimulation. Such findings indicate a failure to produce ACTH with normal biological structure and function, reflecting compromised integrity of the hypothalamic-pituitary-adrenal axis. Although ACTH concentrations significantly differed between groups, cortisol levels remained similarly suppressed, supporting the hypothesis that circulating ACTH in the preserved group lacks biological activity and cannot stimulate adrenal steroidogenesis effectively. The blunted ACTH response to CRH stimulation observed in both groups suggests that damage to corticotrophs in the anterior pituitary is a common pathological feature in ICI-IAD, regardless of baseline ACTH levels. Additionally, this result highlights the potential utility of CRH stimulation testing in confirming the diagnosis of ICI-IAD when biochemical findings are ambiguous.

The Synacthen test confirmed that adrenal reserve was profoundly impaired in both ACTH-preserved and ACTH-depleted patients, reinforcing that normal-range ACTH values do not exclude clinically relevant adrenal insufficiency. In addition to this, CRH stimulation testing provided complementary information by directly assessing corticotroph responsiveness. Both preserved and depleted groups exhibited blunted ACTH responses, indicating pituitary dysfunction even when basal ACTH appeared normal. Thus, while the Synacthen test is indispensable for confirming adrenal insufficiency, the CRH test provides valuable mechanistic insight into the level of hypothalamic–pituitary axis dysfunction. The inclusion of both tests in our study not only reinforces our main hypothesis but also enhances the understanding of ICI-IAD from both diagnostic and pathophysiological perspectives. The parallel assessment of CRH and Synacthen responses further highlighted the concordance between pituitary dysfunction and adrenal unresponsiveness, supporting the concept of unified hypothalamic-pituitary-adrenal-axis failure in ICI-IAD. Although the Synacthen test was performed in only a subset of patients, the consistent finding of impaired adrenal reserve in all tested cases provides supportive evidence for our main conclusion that basal ACTH levels, even when preserved, cannot exclude ICI-IAD. At the same time, performing Synacthen testing in all patients would have further strengthened the robustness of our findings by eliminating potential selection bias and allowing a more comprehensive comparison across the entire cohort.

The cut-off of 10 pg/mL used to classify patients into ACTH-preserved and ACTH-depleted groups was pragmatically adopted from criteria for subclinical Cushing’s syndrome, and its validity in the context of ICI-IAD has not been established. Nevertheless, sensitivity analyses using alternative thresholds (5, 7.5, and 15 pg/mL) yielded consistent results, indicating that our main conclusions were robust to the choice of cut-off. Larger studies will be required to determine the most appropriate thresholds specific to this condition.

To investigate potential structural abnormalities in ACTH, GFC was employed. ACTH from the preserved group showed peaks that eluted earlier than the standard ACTH (1–39), indicating a higher molecular weight and suggesting structural alterations. Additionally, peak ACTH values in each sample were corrected using plasma ACTH concentrations measured by the AIA system, ensuring accurate comparisons by minimizing the influence of inter-individual variability in secretion levels. This correction enabled the evaluation of actual peak concentrations independent of baseline ACTH levels. The preserved group showed significantly elevated corrected concentrations of high-molecular-weight ACTH, indicating the presence of structurally modified ACTH variants. Although ACTH levels remained within the reference range, insufficient cortisol secretion and early elution profiles observed through chromatography pointed to physicochemical abnormalities in the ACTH molecule. These abnormalities may represent pro-ACTH or proopiomelanocortin (POMC) fragments produced through incomplete prohormone processing, or ACTH altered by defective post-translational modifications, including glycosylation or phosphorylation (20–22). Proper processing of POMC in the anterior pituitary is mainly mediated by prohormone convertase PC1/3 (23), and ICI-induced local inflammation or autoimmunity (24) may impair its enzymatic activity (25), leading to accumulation of aberrant ACTH. The biological activity of ACTH is critically dependent on its tertiary structure and binding affinity to the melanocortin 2 receptor (MC2R) (26, 27), and such modifications may impair its function. These findings underscore the importance of evaluating both the “quantity” and “quality” of ACTH in understanding the pathophysiology of ICI-IAD and highlight the need for further structural and functional analyses of the ACTH molecule. In addition, beyond adrenal cortisol regulation, ACTH and other POMC-derived peptides have pleiotropic effects on diverse tissues such as melanocytes, adipocytes, and immune cells (28), suggesting that ICI-induced alterations of ACTH biology may have broader systemic implications.

To support this hypothesis, adrenal steroid profiles were compared between the groups. Downstream adrenal steroids, including pregnenolone, progesterone, and cortisol, showed similar suppression across both groups without significant differences. This consistent suppression aligns with the clinical observation of impaired adrenal responsiveness to ACTH and suggests a loss of physiological bioactivity in the ACTH-preserved group.

Furthermore, in one representative case, serial GFC was performed at three time
points—before ICI initiation, during ICI treatment before the onset of adrenal insufficiency,
and after the development of ICI−IAD—revealing a progressive increase in high-molecular-weight ACTH. As shown in Supplementary Figure S2, this temporal trend supports the hypothesis that ICI exposure may promote the emergence of structurally altered, potentially bio−inactive ACTH forms. Immune−mediated mechanisms, including ectopic POMC expression and autoimmunity against corticotrophs, have been implicated in ICI−induced hypophysitis and may underlie these molecular changes (29, 30). Paraneoplastic−like processes—where tumor-derived ectopic POMC expression triggers auto−reactivity to corticotrophs—have been described, particularly in patients treated with anti–PD−1/PD−L1 agents (30, 31).

These findings collectively indicate a novel pathophysiological mechanism in ICI-IAD involving irreversible damage to ACTH-secreting cells and secretion of structurally altered, biologically inactive ACTH. Exclusive reliance on plasma ACTH concentrations to rule out adrenal insufficiency may lead to misdiagnosis. Supplementary assessments such as CRH stimulation testing, detailed steroid profiling, and ultimately ACTH structural analysis may enhance diagnostic accuracy. With the emergence of next-generation ICIs, including lymphocyte-activation gene 3 (LAG-3) blocking antibodies such as relatlimab, the clinical relevance of accurately diagnosing ICI-IAD is expected to grow. Our findings may help improve diagnostic strategies in the evolving landscape of cancer immunotherapy.

A notable strength of our study is the incorporation of a prospectively followed cohort with consecutive enrollment and standardized collection of paired plasma and serum alongside harmonized clinical data capture. This approach minimizes selection and information bias, reduces pre-analytical variability, and enables integrated analyses across assays (steroid profiling, ACTH bioactivity, and structural characterization) with alignment to dynamic testing where available. Notably, this integrated approach enhanced the robustness of our findings and ensured reproducibility when combining retrospective and prospective data. The availability of paired serum and plasma samples under standardized conditions also provides a valuable platform for future mechanistic studies, including structural characterization and functional evaluation of ACTH variants.

From a clinical perspective, careful interpretation of ACTH values is essential, as basal ACTH levels alone are not sufficient to exclude ICI-IAD. The initial assessment should include clinical symptoms together with basal ACTH and cortisol levels. When these parameters are clearly abnormal, the diagnosis is usually straightforward. However, when findings are not typical—for example, when ACTH appears inappropriately elevated relative to cortisol—dynamic testing can provide valuable additional information. This study demonstrated the usefulness of both the short Synacthen test and CRH stimulation, which provide complementary insights into adrenal reserve and pituitary function. Incorporating these tests into diagnostic workflows, particularly when basal findings are inconclusive, may improve the timely and accurate recognition of ICI-IAD.

This study has certain limitations. First and most notably, the ACTH-preserved group included only seven patients, which limits statistical power for group comparisons and correlation analyses. The significance of some findings may therefore have been influenced by the small sample size. Second, the observations were derived from a single-center, small cohort, and caution is warranted when generalizing the results to populations with different backgrounds. Accordingly, validation in larger, multicenter studies will be necessary. Third, although the short Synacthen test was incorporated, it could only be performed in 24 patients due to institutional protocols, which may have introduced selection bias. Finally, both the GFC and steroid profiling analyses were restricted to 10 patients with sufficient stored samples, limiting the generalizability of these specific results, although consistent patterns were observed across ACTH-preserved and ACTH-depleted groups. The prospective phase of our study is still ongoing, and future expansion of these analyses in additional cases will be important to strengthen these results.

Another important limitation involves the indirect assessment of ACTH bioactivity. The inference of biological inactivity was based on persistently low cortisol levels, blunted CRH responses, suppressed steroidogenesis, detection of high-molecular-weight ACTH isoforms, and a lack of correlation with downstream steroid levels. Direct confirmation of ACTH bioactivity will require validation through functional bioassays, particularly those employing adrenal cells exposed to high-molecular-weight ACTH isoforms. Furthermore, the interpretation that the high-molecular-weight ACTH detected in the ACTH-preserved group reflects abnormal POMC processing or post-translational modification remains provisional. To clarify this, further experimental validation will be important. Future work will focus on structural characterization of circulating ACTH species using LC-MS/MS peptide mapping to identify potential modifications or aberrant peptide processing, as well as functional bioassays to directly assess their biological activity. These approaches, facilitated by ongoing prospective sample collection, are expected to help determine both the molecular basis and the physiological relevance of these ACTH variants.

In conclusion, the findings indicate that a subset of patients with ICI-IAD may present with preserved ACTH concentrations despite biochemical evidence of adrenal insufficiency. This phenomenon likely results from the secretion of structurally abnormal, biologically inactive ACTH. A thorough endocrine evaluation—beyond isolated hormone measurements—plays a critical role in accurate diagnosis. Normal ACTH should not be interpreted as definitive evidence against adrenal insufficiency during ICI therapy. Careful clinical assessment remains essential to ensure timely recognition and management. Future studies are warranted to clarify the molecular characteristics and bioactivity of ACTH in these cases. Functional assays, LC-MS/MS-based profiling, and longitudinal prospective studies may provide deeper insights into the diagnostic value of ACTH dynamics and aid in establishing more refined criteria for ICI-IAD.
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