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Proteomic and metabolomic profiling of plasma
predicts immune-related adverse events in older
patients with advanced non-small cell lung cancer

Jiayi Gao,"? Ping Zhang," Xin Nie," Min Tang,” Yue Yuan,' Liuer He," Xue Wang," Junling Ma," and Lin Li"%3*

SUMMARY

The clinical success of immune checkpoint inhibitors is compromised by the fact of immune-related
adverse events (irAEs), especially for older patients. To identify predictive biomarkers for older patients
with irAEs, we used multiplex immunoassay and flow cytometry and liquid chromatography-tandem mass
spectrometry to test immune factors and plasma protein and metabolites levels in non-small cell lung can-
cer (NSCLC) patients. The results showed that older patients with irAEs displayed lower CD28, CD4"
T cell, and B cell and higher interleukin (IL)-10 and CCL2 levels at baseline. Besides, lower aldolase, fruc-
tose-bisphosphate B (ALDOB), higher ST6GAL1, and lower lactate/pyruvate ratio at baseline were found
in older patients with irAEs. Based on metabolomic markers, predictive models were developed to distin-
guish patients with grade 2-4 irAEs from grade 0-1 (Area under curve, AUC = 0.831) and to distinguish
patients with grade 3-4 irAEs from grade 2 (AUC = 1). Our results confirmed the predictive value of
plasma metabolites for irAEs in older patients with NSCLC.

INTRODUCTION

Immune checkpoint inhibitors (ICls), such as anti-programmed cell death 1 (PD-1) and anti-programmed cell death ligand 1 (PD-L1), have
transformed the management of several types of cancers. The clinical success of ICls is compromised by a series of immune-related adverse
events (irAEs). According to statistics, irAEs comprise over 70 different pathologies affecting nearly every organ system, including the
skin, colon, lungs, kidneys, and endocrine systems. The incidence of irAEs was approximately 60% for any grade and 20% for severe grade.’
Grade >3 irAEs come with the recommendation of discontinuing all further immunotherapy, and grade 2 irAEs come with the suspension of
immunotherapy, both of which ultimately affect their oncologic outcome. As the use of ICls has become more widespread, significant atten-
tion should be paid to the management of severe irAEs.

Lung cancer is regarded as a disease of older adults because nearly two-thirds of patients at initial diagnosis are older than 65 years.
Compared with highly toxic chemotherapies, immunotherapy is an excellent alternative option with a survival benefit and low toxicity for older
adults.>* However, the emergence of immunosenescence- and senescence-associated secretory phenotypes accompanied by advancing

2

age raises safety concerns for these drugs.”® Previous studies have revealed a higher incidence of irAEs in older patients with non-small
cell lung cancer (NSCLC), either as a monotherapy or in combination with chemotherapy.” ' In addition, irAEs have a detrimental effect
on the quality of life and may lead to treatment interruptions, especially in older patients with impaired functional reserve. Therefore, focusing
on irAEs in older patients with lung cancer is necessary to improve their quality of life and prolong their survival.

The exploration of predictive biomarkers to distinguish patients who are more likely to suffer irAEs from overall individuals has great im-
plications. A large number of immune biomarkers, including lymphocytes and cytokines from the peripheral blood, have been identified to
predict irAEs. Early studies have shown that the circulating T cell repertoire and clonal expansion of CD8" T cells are associated with immune
response and toxicity.'""'? Recent reports have demonstrated that activated CD4™ effector memory T cells and the lower level of Breg cell are
predictors of development of irAEs."*'* Furthermore, interleukin (IL)-10, a polygenic and polypotent cytokine, has been reported to be linked
to irAEs.”>"® However, these data did not show robust correlation and repeatability owing to the limited sample size.

Metabolic programs direct the survival, proliferation, and effector functions of immune cells. Previous studies revealed that dysregulated
metabolism of T cells in the tumor microenvironment affects the immune response.'” Combining metabolic inhibition and anti-PD-1 immu-
notherapy dramatically improved antitumor effects compared with anti-PD-1 therapy alone.'® Furthermore, metabolomic profiling of periph-
eral blood has recently been reported to evaluate immune responses in cancers treated with ICls.'”?' However, the role of metabolic regu-
lation in the development of irAEs remains underexplored. Considering the mechanism of irAEs, we hypothesized that metabolomic profiling
of plasma at baseline could help predict the occurrence of irAEs.
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Table 1. Immune-related adverse events in all patients (n = 46)

Immune-related adverse events Total Grade 1 Grade 2 Grade 3-4
Interstitial pneumonia 15 5 6 4
Dermatological toxicity 12 5 4 3
Hypothyroidism 5 1 3 1
Muscular and joint injury 3 0 2 1
Hepatitis 1 0 0 1
Fatigue 1 0 0 1
Pancreatitis 1 0 1 0

A total of 38 immune-related adverse events occurred in 46 patients.

In the present study, we integrated proteomic and metabolomic profiling of plasma samples from older patients with NSCLC who received
anti-PD-1 antibodies to explore potential metabolic biomarkers for irAEs and to understand the development of irAEs in older patients with
NSCLC. Our results significantly contribute to the safety management of immunotherapy in older patients with NSCLC.

RESULTS
Patients’ characteristics

The study cohort consisted of 46 older patients with stage IlI-IV NSCLC who were receiving PD-1 inhibitors. A total of 103 blood samples (46
with pre-treatment, 45 with after 1-2 cycles, and 12 with the onset of > grade 2 (G2) irAEs) were collected from 46 older patients. The median
patient age was 70 years (range: 65-82 years; interquartile range: 67-74 years). The median follow-up was 19.2 months (range: 3.9-
42.6 months). All patients who did not develop irAEs completed at least 2 cycles of treatment. Overall, 22 (47.8%) patients had >G2 irAEs
and 11 (23.9%) had >grade 3 (G3) irAEs. None of the patients experienced toxic death (grade 5). The most common irAEs were interstitial
pneumonia, dermatological toxicity, and hypothyroidism with rates of 32.6%, 26.1%, and 10.9%, respectively (Table 1). For further data anal-
ysis, patients with G2-4 irAEs were defined as the irAE group (n = 22) and patients with GO-1 irAEs (n = 24) were defined as the control group.
No significant differences were found in sex, smoking, pathologic type, treatment cycles, and other clinical parameters between the control
group and the irAE group (Table S1).

Immunological analysis

Although the specific mechanisms responsible for irAE development have not been fully identified, the potential mechanisms may mimic pa-
thologies of autoimmune disease.”” Therefore, we quantified the immune factors and lymphocyte subsets in the study cohort at baseline to
explore the association between irAEs and immune regulation. For the analysis of immune factors, 59 immune factors, including cytokines,
chemokines, growth factors, and immune-oncology checkpoints, were tested in the plasma of the 46 patients (Table S2). However, 13 immune
factors with detection rates lower than 20% and one patient (without any irAEs) with significant outliers were excluded from the subsequent
analyses. Therefore, 46 immune factors were analyzed in 45 patients (Figure 1A). The results showed that the level of costimulatory receptor
CD28 in patients with G2-4 and G3-4 irAEs was significantly lower than that in patients with GO-1 or GO-2 irAEs, respectively. Furthermore, the
levels of the immunosuppressive factors IL-10 and CCL2 in patients with G0O-2 irAEs were significantly higher than those in patients with G3-4
irAEs (Figure 1B). For the analysis of lymphocyte subsets, 23 patients in our study cohort underwent peripheral blood lymphocyte subset anal-
ysis. Significantly lower levels of total T cells, CD4" T cells, CD8" T cells, NK cells, and B cells were found in patients with G2-4 or G3-4 irAEs,
and statistically significant differences were found in CD4" T cells (p = 0.031) and B cells (p = 0.002) (Figures 1C and 1D). Our findings suggest
an immunocompromised state in older patients who develop >G2 irAEs.

Plasma proteomic profiling at baseline

We then performed data-independent acquisition (DIA) proteomic analysis of the plasma samples of the enrolled patients. A total of 5,164
proteins were identified, and no difference in the number of proteins was found between the control and irAE groups (Figure S1). We per-
formed differential protein expression analysis and found 188 proteins that were significantly differentially expressed between the control and
irAE groups at baseline (Figure 2A). Principal-component analysis (PCA) was performed to describe the differential profiles between the two
groups (Figure 2B). Among the differentially expressed proteins, 132 proteins were upregulated and 56 proteins were downregulated in the
irAE group (Figure 2C). ZNF98, ADGRG6, IFT88, ACTN1, and ADH1B were the top five proteins with the most significant p values.
Differentially expressed proteins were selected for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses. GO analysis revealed three basic functional categories: biological process (BP), molecular function (MF), and cellular
component (CC) (Figure S2). In the part of BP, the enriched GO terms were associated with metabolism regulation and inflammatory
response, including “fructose 1,6-bisphosphate metabolic process,” “glucose catabolic process to pyruvate,” “regulation of leukocyte
chemotaxis,” “response to interleukin-7,” and “cell chemotaxis.” KEGG pathway analysis further revealed several metabolism-related path-
ways, such as “Glycolysis/Gluconeogenesis,” “Phosphatidylinositide 3 kinases-protein kinase B (PI3K-Akt) signaling pathway,” and “Pentose
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Figure 1. Comparative analysis of immune factors and lymphocyte subsets between control group and irAE group at baseline

(A) Heatmap of 46 immune factors in 45 patients. Significance1 was compared between patients with GO-1 and G2-4 irAEs. Significance2 was compared between
patients with GO-2 and G3-4 irAEs (n = 45). Chi-squared test was used for comparison. The cutoffs of immune factors were determined using the median.

(B) Different levels of immune factors included CD28, IL-10, and CCL2.

(C and D) Different absolute counts of lymphocyte subsets were compared between patients with GO-1 and G2-4 irAEs and patients with GO-2 and G3-4 irAEs,
respectively (n = 23). G = grades of irAEs. *p < 0.05, **p < 0.01.

phosphate pathway,” which were downregulated in the irAE group, indicating the significance of glucose metabolism in immunotherapy-
related toxicities (Figure 2D). In addition, glycosylation-related pathways, including “N-Glycan biosynthesis” and “Other types of O-glycan
biosynthesis” were upregulated in the iIrAE group. The differentially expressed proteins involved in glycolysis and glycosylation-related
pathways were aldolase, fructose-bisphosphate B (ALDOB), and ST6 beta-galactoside alpha-2,6-sialyltransferase 1 (ST6GAL1). The expres-
sion of these two proteins in the two groups is shown in Figures 2E and 2F.

Plasma metabolomic profiling at baseline

The aforementioned results suggest different metabolic regulation between the control and irAE groups at baseline. To further identify
different metabolic regulations between the two groups, pre-treatment plasma was subjected to liquid chromatography-tandem mass spec-
trometer/mass spectrometry (LC-MS/MS). As a result, 652 metabolites were detected in the positive mode (electrospray ionization, ESI+) and
534 metabolites were detected in the negative mode (ESI—). Supervised orthogonal partial least-squares discriminant analysis (OPLS-DA) was
introduced to characterize the metabolomic differences between the two groups in both ESI+ and ESI—, suggesting an association between
plasma metabolites and irAEs (Figure 3A). Permutation test and 7-fold cross-validation showed the reliability of the model (Figure S3). The top
three largest metabolite classes were lipid and lipid-like molecules (28.921%), organic acids and derivatives (20.995%), and organo-hetero-
cyclic compounds (10.793%) (Figure 3B).

A total of 33 metabolites with p < 0.05 and variable importance in the projection (VIP) >1 were considered different. Among these, 14 me-
tabolites were upregulated and 19 metabolites were downregulated in the irAE group (Figure S4A). Heatmaps of the differentially expressed
glucose, amino acids, and lipids are shown in Figures S4B-S4D. Of these, a significantly lower lactate/pyruvate ratio was found in the irAE
group (p = 0.032), while plasma lactate and pyruvate levels did not differ between the groups (Figure 3C). Kynurenine, tryptophan, and
the kynurenine/tryptophan ratio were reported to be closely associated with the antitumor effect of immunotherapy,”® while they were
not associated with irAEs in our study (Figure 3D). However, leucine, Isodeoxycholic acid, and lathosterol were significantly different between
the two groups (Figures 3E and 3F). These results indicated different plasma metabolomic profiles in patients with irAEs.
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Figure 2. Proteomic differences associated with irAEs at baseline (n = 46)

(A) Heatmap of differently expressed proteins between control group (n = 24) and irAE group (n = 22) (p < 0.05, FC > 1.5 or FC < 0.67).

(B) PCA of the differently expressed proteins between control group and irAE group.

(C) Volcano plot representation of the differently expressed proteins between control group and irAE group. (D) KEGG analysis of differently expressed proteins.
(E and F) Different expression of ST6GAL1 and ALDOB between control group and irAE group (*p < 0.05). G = grades of irAEs; PCA, principal-component
analysis; FC, fold change; KEGG, Kyoto Encyclopedia of Genes and Genomes; FC, fold change.

We then performed KEGG pathway analysis for the differentially expressed metabolites. Several metabolism-related pathways, such as
glutathione metabolism, galactose metabolism, and lysine degradation, were enriched, and the top 15 functionally enriched KEGG pathways
are shown in Figure 3G. The PI3K/AKT/mammalian target of rapamycin (mTOR) signaling pathway is implicated in the metabolic regulation of
local nutrients and systemic energy status at organismal and cellular level.”* We identified that the PI3K/AKT/mTOR signaling pathway was
enriched in both KEGG analyses of differentially expressed proteins and metabolites. These results indicated that different metabolic mech-
anisms may be involved in the development of irAEs.

Severity and temporal dynamics analysis of glycolysis and glycosylation in irAEs

The importance of glycolysis in T cell survival and the involvement of glycolysis in the regulation of the cancer immune response have been
investigated.” Glycosylation has also been reported to play a vital role in cancer immune response.”® Therefore, we investigated the severity
and temporal dynamics of glycolysis-associated molecules, including ALDOB, lactate/pyruvate ratio, and glycosylation-associated molecule
ST6GALT, in the development of irAEs.

ALDOB expression (p = 0.011) and lactate/pyruvate ratio (p = 0.033) showed a significant decreasing trend with irAE severity (Figures 4A
and 4B). ST6GAL1 expression increased with irAE severity, but this was not statistically significant (p = 0.082) (Figure 4C). These results suggest
that ALDOB expression and the lactate/pyruvate ratio could predict the severity of irAEs and the impact of glycolysis on the development of
irAEs.

Next, we assessed how these plasma biomarkers changed with the development of irAEs. First, we employed the fuzzy c-means algorithm
to analyze the trend in plasma protein expression over time (baseline-after 1-2 cycles-onset of irAEs) in 12 patients who developed > G2 irAEs.
The trends in protein expression were grouped into nine types. Clusters 3, 6, and 9 were considered upregulated proteins, while clusters 1, 4,
and 7 were considered downregulated proteins (Figure S5). KEGG analysis was performed separately for upregulated and downregulated
proteins. The results revealed that upregulated protein were enriched in diverse metabolic pathways, such as “Cholesterol metabolism,”
"Pentose phosphate pathway,” “Glycolysis/Gluconeogenesis,” and "“PI3K-Akt signaling pathway” (Figure 4D). Downregulated proteins
were enriched in the glycosylation pathway, such as “N-Glycan biosynthesis” and “Various types of N-glycan biosynthesis” (Figure 4E).
The detailed temporal dynamics of ALDOB, the lactate/pyruvate ratio, and ST6GALT are shown in Figures 4F-4H. Next, we compared the
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Figure 3. Metabolomic differences associated with irAEs at baseline (n = 46)

(A) OPLS-DA of ESI+ and ESI— modes between control group and irAE group.

(B) Proportion of metabolites regulated in all patients based on superclass.

(C-F) Vital metabolites compared between control group and irAE group.

(G) KEGG analysis of differently changed metabolites (p < 0.05, VIP >1). G = grades of irAEs; KEGG, Kyoto Encyclopedia of Genes and Genomes; ns, no
significance.

early changes (baseline-after 1-2 cycles) of these molecules between the control and irAE groups. In the irAE group, treatment induced a
significant increase in ALDOB (p = 0.004) and a significant decrease in ST6GAL1 (p = 0.026), with no significant change in the lactate/pyruvate
ratio (p = 0.542) (Figures 41-4K). These results suggest that increased glycolysis and decreased glycosylation are involved in the development
of irAEs. Furthermore, these changes could be tested in the early stages of irAE development and predicted a higher risk of irAEs.

Metabolic biomarkers of high diagnostic value in predicting irAEs

Ensemble learning methods based on metabolic profiling were used to verify the relevance of the identified metabolites in the occurrence of
> G2 irAEs. Fifty-seven significantly different metabolites with p <0.1 and VIP >1 between the > G2 irAE group and the control group were
included in the analysis. The entire cohort was divided into a training group and a testing group at a ratio of 7:3. In the training group, the
differentially expressed metabolites were sorted from high to low according to the weight values calculated using the ensemble learning
methods. The top 10 metabolites were then used to generate the receiver operating characteristic (ROC) accumulating curves, and the com-
bination of MT171T257, M219T111, M604T33, and M146T49 was selected (Figures 5A and 5B). A logistic regression model was built with the
aforementioned biomarkers showing a high value in distinguishing patients with >G2 irAEs from those with GO-1 irAEs by ROC curve analysis
(training group: AUC = 0.831, testing group: AUC = 0.976, Figure 5C).

Since grade 3-4 irAEs indicate permanent suspension of ICls, a further distinction of > G3 irAEs is necessary. Therefore, we identified sev-
enty-eight significantly different metabolites (p < 0.1 between patients with G2 irAEs [n = 11] and those with >G3 irAEs [n = 11]. A cohort of
twenty-two patients with >G2 irAEs was assigned to the training and testing groups in a ratio of 7:3. In the training group, a total of eight
metabolites, including M219T111, M595T216, M647T389, M413T111, M119T429, M564T275_1, M405T101, and M279T48, were determined
using ensemble learning methods and ROC accumulating curves (Figures 5D and 5E). The aforementioned metabolites based on the logistic
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Figure 4. Severity and temporal dynamics analysis of proteins and metabolites in patients treated with ICls

(A-C) The change trend of ALDOB, ST6GAL1, and lactate/pyruvate ratio associated with severity of irAEs (n = 46). Kruskal-Wallis tests were used for multi-group
comparisons, and Bonferroni was used for pairwise comparisons.

(D and E) KEGG analysis of upregulated proteins and downregulated proteins during the development of >G2 irAEs (n = 12).

(F-H) The change trend of expression of ALDOB, lactate/pyruvate, and ST6GAL1 during the development of >G2 irAEs (n = 12).

(I-K) Significant changes of ALDOB, lactate/pyruvate, and ST6GAL1 before and after treatment with 1-2 cycles of ICls (n = 24/control group, n = 21/irAE group).
Statistical significance was determined by two-tailed Wilcoxon signed-rank test. Baseline: at baseline; After: after 1-2 cycles of ICls; On, the onset of irAEs. ICI,
immune checkpoint inhibitor; G = grades of irAEs; ns, no significance. *p < 0.05, **p < 0.01.

regression model were verified as excellent in distinguishing patients with G3-4 irAEs from patients with G2 irAEs by ROC curve analysis
(training group: AUC = 1, testing group: AUC = 1, Figure 5F). Detailed information on these metabolites is provided in Tables S3 and S4.

ALDOB and lactate/pyruvate ratio correlate with prognosis of ICls

There was no significant association between clinical responses and ALDOB expression, lactate/pyruvate ratio, and ST6GALT expression
(Figures 6A-6C). Subsequently, we compared the survival prognosis between patients with low and high ALDOB expression, lactate/pyruvate
ratio, and ST6GAL1 expression. Patients with low ALDOB expression or lactate/pyruvate ratio had a longer progression-free survival (PFS)
than those with high expression (mPFS: ALDOB, 14.6 months vs. 8 months, p = 0.046; lactate/pyruvate ratio, 13 months vs. 6.2 months,
p = 0.001, Figures 6D and 6E). However, no significant difference in PFS was observed between patients with low and high ST6GAL1(Fig-
ure 6F). Multivariate analysis considering pathologic type, tumor stage, treatment regimen, etc. revealed that the expression of ALDOB (Haz-
ard ratio, HR = 2.248, p = 0.037), lactate/pyruvate ratio (HR = 2.518, p = 0.016), and number of treatment cycles (HR = 0.913, p = 0.013) were
independent prognostic factors for PFS in older patients with NSCLC (Table 2). Furthermore, we compared the associations between irAEs

and treatment outcomes in the study cohort. The results showed that the clinical response and PFS were not associated with the occurrence of
irAEs (Figure S6).

DISCUSSION

Older adults, as a particular cohort with dysregulated immune function, may be more prone to immunotherapy-related toxicities after ICI
treatment.”® Cell metabolism, a crucial determinant in preserving the vitality and function of immune cells, is an effective predictor of ICI
response.'” ' The current study integrated proteomic and metabolomic profiling to discover plasma metabolism-related biomarkers
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Figure 5. Discovery of the metabolic biomarkers for irAEs

(A-C) Metabolic biomarkers for > G2 irAEs (n = 22) vs. GO-1 irAEs (n = 24): (A) the cumulative AUC of the differently expressed metabolites between > G2 irAEs
and GO-1irAEs; (B) the top 10 metabolites in weight score between > G2 irAEs and GO-1 irAEs; (C) ROC curve of the selected metabolites between > G2 irAEs
and GO-1 irAEs.

(D-F) Metabolic biomarkers for G2 irAEs (n = 11) vs. >G3 irAEs (n = 11): (D) the cumulative AUC of the differently expressed metabolites between G2 irAEs
and >G3 irAEs; (E) the top 10 metabolites in importance score between G2 irAEs and >G3 irAEs; (F) ROC curve of the selected metabolites between G2
irAEs and >G3 irAEs.

associated with irAEs. Additionally, we used ensemble learning methods and logistic regression to establish a metabolism-relevant predictive
model for irAEs with a high diagnostic value. Furthermore, we found lower expression of ALDOB or a lower lactate/pyruvate ratio indicates a
favorable prognosis of ICI treatment in older patients with NSCLC.

Many studies have explored lymph subsets and cytokines as predictive biomarkers for irAEs, indicating a pre-existing active immu-
nological and inflammatory system in individuals who develop irAEs.””*® However, older patients undergoing ICl treatment are poten-
tially important because of immune dysfunction, but few studies have concentrated on this. PD-1-mediated suppression is more likely to
target the T cell costimulatory receptor CD28.>” The CD28 molecule expressed in activated T cells is proteolytically degraded by matrix
metalloproteinase (MMP) 2 and MMP 13, resulting in increased plasma soluble CD28 (sCD28) levels. Previous studies have shown that
plasma sCD28 levels were increased in patients with autoimmune diseases, such as antineutrophil cytoplasmic antibody (ANCA)-asso-
ciated vasculitis®® and early rheumatoid arthritis,?’ indicating immunoactivation of sCD28. Another study confirmed the function of
sCD28 in stimulating T cell responses.® Our findings revealed that the sCD28 levels were significantly lower at baseline in older individ-
uals with irAEs. Furthermore, IL-10 and CCL2, which function as immunosuppressive factors,>>** significantly increased in the irAE group.
These results suggest that the pre-treatment immunocompromised state could be related to the occurrence of irAEs in older patients
with NSCLC.

Cell metabolism determines the fate of the immune cells. Compared with conventional flow cytometry to detect the quantity of antigen-
specific immune cells, changes in metabolic regulation in peripheral blood may be a better measure to evaluate immune regulation. In this
study, we used proteomic and metabolomic profiling to reveal that multiple metabolism-related pathways, including glycolysis, pentose
phosphate pathway, and PI3K/Akt signaling pathway, were downregulated at baseline in patients with irAEs. Furthermore, patients with irAEs
had significantly lower lactate/pyruvate ratios, which also exhibited a significantly decreasing trend as irAE severity increased. Glycolysis is

iScience 27, 109946, June 21, 2024 7




¢? CellPress iScience
OPEN ACCESS

A ns B C ns
| —| | — |
100 100
Em Response Bl Response El Response
@ @ @
2 = None 2 = None 2 = None
[ ] [
° ° °
£ £ =
3 3 =
2 50 | T 50
o o o
= = =
s K] K}
5] 7] 7]
o 4 '3
0
Low High Low High Low High
ALDOB Lactate/Pyruvate ST6GAL1
D . E . F "
High vs Low ALDOB High vs Low Lactate/Pyruvate High vs Low ST6GAL1
1.00 1.00 1.00
— Low |(n=25) =~ Low |(n=32) “~Low | (n=24)
==~ High |(n=21) == High |(n=14) - High | (n=22)
.>:0 75 > 075 )‘075
= H B
& 050 o 050 & 050
E : g
H z g
s a @
¢ 025 028 0.2
p=0.046 p=056
0.00 0.00 0.00
0 6 12 18 24 30 36 0 6 12 18 24 30 36 0 6 12 18 24 30 36
Time(months) Time(months) Time(months)
Number at risk Number at risk Number at risk
Low]| 25 2 12 6 3 2 1 Low{ 32 2 15 8 5 4 3 Low{ 24 15 7 2 1 0 0
High{ 21 1 5 2 2 2 2 High{ 14 7 2 0 0 0 0 High{ 22 18 10 6 4 4 3
0 6 12 18 24 30 36 0 8 12 18 4 30 36 0 6 12 18 24 30 36
Time(months) Time(months) Time(months)

Figure 6. Association of efficacy of ICIs with ALDOB, lactate/pyruvate ratio, and ST6GAL1 (n = 46)

(A-C) Association of clinical outcomes with the expression of (A) ALDOB, (B) lactate/pyruvate ratio, and (C) ST6GAL1. The cutoff of high or low level was
determined by the maximum Youden index value.

(D-F) Kaplan-Meier curves of PFS between patients with high and low expression of (D) ALDOB, (E) lactate/pyruvate ratio, and (F) ST6GALT1. Log rank tests were
used to evaluate survival differences. PFS, progression-free survival; ns, no significance.

crucial for T cell activation, and CD28 activation is required to activate glycolytic metabolism.?> Therefore, our metabolomic results suggest
decreased glycolysis and an immunocompromised state at baseline in patients with irAEs, consistent with our immunological analysis.
ALDOB, a protein that was significantly downregulated in the irAE group, is involved in glycolysis by converting fructose phosphate into glyc-
eraldehyde and dihydroxyacetone phosphate. According to a recent study, hepatic ALDOB reduced hepatocellular tumorigenesis by inhib-
iting Akt.*® However, the involvement of ALDOB in immunological modulation has not been reported. Further studies with larger sample sizes
are needed to verify the relationship between ALDOB and irAEs.

Glycosylation leads to the formation of glycans on the cell surface and regulates T cell activation and function. In most cases, glycosylation
of immune cells prevents immune overactivation, while glycosylation of tumor cells contributes to immune escape. For instance, glycans on
CD28 inhibit T cell activation,”” and glycosylated PD-L1 in human tumor tissues can stabilize the PD-L1 protein, promoting immunological
tolerance.*® Aberrant glycosylation is associated with autoimmune diseases.”” Our results showed an upregulated glycosylation pathway
and glycosylation enzyme ST6GAL1 at baseline in patients with irAEs, but they did not identify the precise glycosylation site or the precise
cell type that was glycosylated. Detection of glycosylation at the single-cell level is required to investigate the mechanisms of irAE
development.

The occurrence of irAEs is caused by ICls that destroy immune tolerance. Therefore, early changes between pre- and post-treatment are
important for predicting irAEs."%“" In this study, we revealed that the early changes of ALDOB and ST6GAL1 between pre- and post-treatment
were significantly associated with the development of irAEs, and the longitudinal tracking of plasma proteins in twelve patients with G2-4
irAEs indicated an upregulated glycolysis pathway and downregulated glycosylation pathway, which was consistent with the early changing
trends of ALDOB and ST6GALT, respectively. The lactate/pyruvate ratio showed an increasing trend in the early stage in the irAE group
compared with that in the control group, but the difference was not statistically significant. We suspect that this may be because changes
in metabolic enzymes precede changes in metabolites during the development of irAEs. Notably, the baseline levels of ALDOB and
ST6GALT were opposite to their early changing trends, suggesting that patients with irAEs display an immunocompromised state at baseline
but immune overactivation after the initial use of ICls.

In addition, we found that the integration of these differently expressed metabolites at baseline based on ensemble learning methods and
logistic regression allowed for a high diagnostic value for the classification between patients with G2-4 irAEs and GO-1 irAEs, and between
patients with G3-4 irAEs and G2 irAEs. Studies on these metabolites in models are relatively rare. Oleic acid, cis,cis-muconic acid, and linoleic
acid are involved in fatty acid metabolism. Gallic acid was identified from gut microbial metabolites, decreasing T4 cell function by impairing
PD-L1/PD-1 signaling and downregulating Foxp3 stability.”” Nevertheless, these results implicate the role of metabolites in predicting the
occurrence of irAEs and the involvement of metabolic regulation in the development of irAEs. Our prediction models may provide clinical
guidance for older patients undergoing tumor immunotherapy.
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Table 2. Univariate and multivariate analyses of progression-free survival (n = 46)

Univariate analysis Multivariate analysis
Characteristics HR 95% Cl P HR 95% Cl P
Age 0.945 0.870-1.027 0.182
Sex (male vs. female) 0.966 0.369-2.528 0.943
Smoking (no vs. yes) 0.816 0.423-1.571 0.542
Pathologic type (LUAD vs. LUSC vs. others) 1.247 0.732-2.126 0.417
Stage (MO vs. M1) 1.330 0.589-3.004 0.493
Combination therapy (no vs. yes) 2.056 0.622-6.793 0.237
Line of treatment (first-line vs. second-line or 0.988 0.379-2.583 0.980
more)
Expression of PD-L1 (<1 vs. NAvs. > 1) 1.048 0.653-1.683 0.845
ECOG score (<2 vs. > 2) 1.305 0.309-5.513 0.717
Number of treatment cycles 0.918 0.858-0.982 0.013 0.913 0.849-0.981 0.013
ALDOB (low vs. high) 2.065 1.001-4.260 0.049 2.248 1.050-4.812 0.037
Lactate/Pyruvate (low vs. high) 3.188 1.526-6.660 0.002 2.518 1.190-5.328 0.016
ST6GALT1 (low vs. high) 0.845 0.413-1.733 0.646

LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; ECOG, Eastern Cooperative Oncology Group.

Although the full mechanism of irAEs is not clear, it is accepted that irAEs may occur at higher rates in patients with immune dysregula-
tion.*® Senescent T cells are thought to be characterized by impaired immune function, thereby acting as a major cause of the higher rates of
irAEs in older patients. For example, senescent Temra CD8" cells were significantly increased in the blood of patients with immune-related
myocarditis, corresponding to an analogous increase in effector cytotoxic CD8* cells in the hearts of mice with myocarditis.** However, recent
studies have found that senescent T cells could be affected by T,eq cells and tumor cells, except for the age,’” indicating that the age could not
determine the degree of immune senescence. Furthermore, senescent T cells display lower CD28"® expression and reduced glycolysis,”’
implying that peripheral blood metabolomics may be a good alternative for describing the degree of immune senescence. Surprisingly,
we found that low ALDOB expression and low lactate/pyruvate ratio were independent factors for a favorable prognosis. This suggests
that glycolysis-related biomarkers could help guide clinical decision making for immunotherapy in older patients with NSCLC.

To conclude, we showed different plasma metabolic regulations between older patients with NSCLC who developed irAEs and those who
did not. Lower ALDOB, lower lactate/pyruvate ratio, and higher ST6GAL1 at baseline as well as early changes in ALDOB and ST6GALT expres-
sion were predictors of irAEs. Furthermore, predictive models were developed with a high diagnostic value based on metabolic markers to
evaluate the occurrence of G2-4 and G3-4 irAEs in older patients with NSCLC. We also found lower ALDOB expression and a lower lactate/
pyruvate ratio indicating a good prognosis in older patients with NSCLC. Given that lower CD28 and higher IL-10 and CCL2 levels were asso-
ciated with irAEs, our results suggest a potential pre-treatment immunocompromised state, which could be the trigger of irAEs in older pa-
tients. Therefore, these could be significant findings to provide a comprehensive approach to help for insight into the risk stratification of
older patients with NSCLC before ICl treatment to improve the safety of immunotherapy.

Limitations of the study

This study has limitations in interpreting our findings. First, we did not verify the relationship between metabolic regulation and irAEs in spe-
cific cells, since plasma metabolites could be produced by various types of cells, such as immune cells, tumor cells, and even gut microbiota.
Single-cell RNA sequencing is required to verify the metabolic regulation of immune cells. Second, although untargeted metabolomics can
comprehensively analyze changes of all metabolites, it cannot accurately analyze some specific metabolic pathways, such as lipid metabolism,
which also contribute to the activation and proliferation of immune cells. Follow-up targeted metabolomics is needed to explore into specific
metabolic pathways. Third, there is the possibility of selection bias due to small sample size. Larger cohort will be necessary to confirm the
aforementioned results.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-Human CD45
Anti-Human CD3
Anti-Human CD4
Anti-Human CD8
Anti-Human CD16
Anti-Human CD56
Anti-Human CD19
Anti-Human CD28

BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience

BD Bioscience

Cat#347463; RRID:AB_400306
Cat#555332; RRID:AB_395739
Cat#566320; RRID:AB_2739682
Cat#561948; RRID:AB_11154582
Cat#556618; RRID:AB_396490
Cat#562794; RRID:AB_2737799
Cat#555412; RRID:AB_395812
Cat#556621; RRID:AB_396493

Biological samples

Peripheral blood samples This study N/A

Chemicals, peptides, and recombinant proteins

SDS Sigma Cat#75746-250G
Tris-HCI Bio-rad Cat#1610719
Trypsin Beijing Hualishi Technology Co. Cat#HLS TRY001C
Formylic acid Shanghai Titan Technology Co. Cat#F0654-25mL
Acetonitrile Fisher scientific Cat#A955-4-CASE
Methanol Fisher chemical Cat#A456-4
Ammonia Fisher chemical Cat#A470-500
Ammonium acetate Sigma Cat#735%94
Nuclease-free water ThermoFisher Cat#10977015/10977-023
Zeba™ Spin Desalting Columns, ThermoFisher Cat#89883

7K MWCO , 0.5mL

ACQUITY UPLC BEH Amide 1.7 um, WATERS Cat#186002352

2.1 mm x 100 mm column

Critical commercial assays

ProcartaPlex Human Cytokine/Chemokine/
Growth Factor Panel 1 (45 plex)
Immuno-Oncology Checkpoint 14-PL ex
ProcartaPlex Panel

Pierce™ High pH Reversed-Phase Peptide
Fractionation Kit

ThermoFisher

ThermoFisher

ThermoFisher

Cat#EPX450-12171-901

Cat#EPX14A-15803-901

Cat#84868

Deposited data

Processed data This study https://doi.org/10.5281/
zenodo.10871944

Raw data for proteomics data This study iProX: IPX0008520000%47

Raw data for metabolomics data This study MetabolLights: MTBLS9977°°

Software and algorithms

Spectronaut software N/A Spectronaut™ 14.4.200727.47784

FACSDiva Software
R software (v. 3.6.3)
GraphPad PRISM 8.0

BD Bioscience
R project
GraphPad Software

https://www.bdbiosciences.com/
https://www.r-project.org/

https://www.graphpad.com/

scientific-software/prism/
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RESOURCE AVAILABILITY
Lead contact
Further information and requests should be directed and will be fulfilled by the lead contact, Lin Li (lilin_51@hotmail.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e Data generated in this study have been deposited at MetaboLights and iProX. Processed data have been deposited at Zenodo. Acces-
sion numbers and DOls are listed in the key resources table. Any additional information required to reanalyze the data reported in this
paper is available via request from lead contact, Lin Li (lilin_51@hotmail.com).
e This paper does not report original code.
e This paper does not contain any other item.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The expedient model in this work was limited to human subjects. The average age of the patients was 70 years old, 76% were males and 24%
were females. All patients were Chinese. All the patients were diagnosed with NSCLC and were treated with immune checkpoint inhibits in
our institute. The study was conducted in accordance with the Declaration of Helsinki, and approved by the ethics committee of Beijing Hos-
pital, National Center of Gerontology; Institute of Geriatric Medicine, Chinese Academy of Medical Sciences (Beijing, China; approved
2023BJYYEC-028-02).

METHOD DETAILS

Study design and populations

Patients aged >65 years with unresectable stage Ill-IV NSCLC who were first treated with anti-PD-1 antibodies, either as monotherapy or in
combination with chemotherapy at Beijing hospital were enrolled in this study from July 2019 and March 2022. All patients provided written
informed consent for the research approved by the ethics committee of Beijing Hospital, National Center of Gerontology; Institute of Geri-
atric Medicine, Chinese Academy of Medical Sciences. Patients with either alteration in EGFR, ALK and ROS1 were excluded. There was no
history of autoimmune phenomena, allergic conditions or current steroid use in our cohort. All patients were followed until the deadline of
December 31, 2022 or the death of the patient. Potential immune-related adverse effects were evaluated by at least 2 medical professionals
and graded according to the Common Terminology Criteria Adverse Events V5.0. Clinical response was evaluated by the Response Evalu-
ation Criteria in Solid Tumors V1.1, including complete response (CR), partial response (PR), stable disease (SD), and progressive disease
(PD). Each patient received at least one efficacy evaluation. For the efficiency analysis, patients were defined as responders based on at least
one evaluation of PR or CR, while non-responders were patients who did not achieve PR or CR up to the last treatment.

Sample collection and preparation

Blood samples taken at fasting at three time points (pre-treatment, after 1-2 cycles and the onset of irAEs) were collected into 5 mL- EDTA
whole blood tubes. Each patient was required to fast for at least é h before blood sample collection. Samples were centrifuged for 10 min
(1500g, 4°C) no later than 4 h after blood sample collection. Each aliquot (300 uL) of the plasma sample was stored at —80°C for storage.

Plasma multiplex immunoassay

Plasma samples were analyzed with a 45-plex ProcartaPlex Human Cytokine/Chemokine/Growth Factor Panel (Affymetrix, Inc.) and 14-plex
ProcartaPlex Human Immuno-Oncology Checkpoint Panel (Affymetrix, Inc.). The antigen standard was gradient diluted according to the
specification. Add 50puL magnetic beads to each reaction well and wash twice with wash buffer. Magnetic beads containing antibody were
incubated with samples or standards substance at 4° C for 16 h, then 25 L of detection antibody was added and mixed at room temperature
for 30 min. The antigen-antibody binding was detected by Luminex MAGPIX instrument (Thermo Scientific, USA) according to its instructions.
Data analysis was performed using ProcartaPlex Analyst 1.0 software. Cytokine concentration (pg/mL) were measured by fitting a standard
curve for average fluorescence intensity versus concentration.

Flow cytometry

Peripheral blood lymphocyte subsets analysis was performed by flow cytometry. Fresh blood was collected in 5mL- EDTA whole blood tubes
prior to initial ICl infusion. For surface marker detection, cells were stained with anti-CD45, anti-CD3, anti-CD4, anti-CD8, anti-CD16, anti-
CD56, anti-CD19 and anti-CD28 (BD Biosciences). After samples were incubated for 20 min at room temperature protected from light,
red cells were lysed using red blood cell lysis buffer. Cells were then acquired using the BD FACSCanto II, and data were analyzed using
BD FACSDiva Software.
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Protein extraction and peptide enzymolysis

Analysis was performed in Shanghai Applied Protein Technology Co., Ltd. Appropriate amount of SDT (4%SDS, 100mM Tris-HCI, pH7.6)
lysate was added to each sample for protein extraction. Protein concentration was quantified with the standard BCA method. The amount
of 20ug protein was taken from each sample and added into an appropriate amount of 5X loading buffer for SDS-PAGE electrophoresis.
Appropriate amount of protein was obtained from all samples and mixed into pool samples to establish a Spectral Library. All samples,
including mixed pool samples, were enzymolysis by Filter aided proteome preparation (FASP). Appropriate amount of iRT standard peptide
was added to pool sample peptide and enzymolysis peptide of each sample for DDA mass spectrometry and DIA mass spectrometry
detection.

LC-MS/MS analysis

For proteomics analysis, DDA analysis was performed by Easy-nLC 1200 HPLC system with sodium-litre flow rate. The samples were injected
into a C18 column (Thermo Scientific, ES802, 1.9 um, 75 um*20 cm) for linear gradient separation (0.1% acetonitrile solution (84% acetonitrile)
at a flow rate of 300 nL/min). Samples were then performed using Q-exactive HF-X mass spectrometer (Thermo Scientific, USA). Detection
mode: positive ion. Primary mass spectrum scanning range: 350-1800 m/z, mass spectrum resolution: 60,000 (@m/z 200), AGC target: 1e5,
Maximum IT: 50 ms, dynamic exclusion time: 10s. After each full MS scan, 20 ddMS2 scans are collected according to the inclusion list. Isola-
tion window: 1.5m/z, mass spectrum resolution: 30,000 (@m/z 200), AGC target: 1e5, Maximum IT: 50 ms, MS2 Activation Type: HCD, Normal-
ized collision energy: 30 eV. DIA analysis was performed by Easy-nLC 1200 HPLC system with sodium-litre flow rate. Samples were then per-
formed using Q-exactive HF-X mass spectrometer. Detection mode: positive ion. Primary mass spectrum scanning range: 350-1800 m/z, mass
spectrum resolution: 120,000 (@m/z 200), AGC target: 3e6, Maximum IT: 30 ms. MS2 adopts DIA data acquisition mode and sets 44 DIA acqui-
sition Windows. Mass spectrum resolution: 30,000 (@m/z 200), AGC target: 3e6, Maximum IT: 30 ms, Maximum IT: auto, MS2 Activation Type:
HCD , Normalized collision energy: 30 eV, Spectral data type: profile.

For metabolomics analysis, analysis was performed using an UHPLC (1290 Infinity LC, Agilent Technologies) coupled to a quadrupole time-
of-flight (AB Sciex TripleTOF 6600) in Shanghai Applied Protein Technology Co., Ltd. For HILIC separation, samples were analyzed using a
2.1 mm x 100 mm ACQUIY UPLC BEH Amide 1.7 um column (waters, Ireland). In both ESI positive and negative modes, the mobile phase
contained A = 25 mM ammonium acetate and 25 mM ammonium hydroxide in water and B = acetonitrile. The gradient was 95% B for 0.5 min
and was linearly reduced to 65% in 6.5 min, and then was reduced to 40% in 1 min and kept for 1 min, and then increased to 95% in 0.1 min, with
a 3 min re-equilibration period employed. The ESl source conditions were set as follows: lon Source Gas1(Gas1) as 60, lon Source Gas2 (Gas2)
as 60, curtain gas (CUR) as 30, source temperature: 600°C, lonSpray Voltage Floating (ISVF) 4+ 5500 V. In MS only acquisition, the instrument
was set to acquire over the m/z range 60-1000 Da, and the accumulation time for TOF MS scan was set at 0.20 s/spectra. In auto MS/MS acqui-
sition, the instrument was set to acquire over the m/z range 25-1000 Da, and the accumulation time for product ion scan was set at 0.05
s/spectra. The product ion scan is acquired using information dependent acquisition (IDA) with high sensitivity mode selected. The param-
eters were set as follows: the collision energy (CE) was fixed at 35 V with +15 eV; declustering potential (DP), 60V (+) and —60V (—); exclude
isotopes within 4 Da, candidate ions to monitor per cycle: 10.

Quality control evaluation

In order to monitor and evaluate the stability of the system and the reliability of the experimental data, a quality control (QC) sample (a mixed

sample of all samples) was inserted into the sample queue at an interval of a certain number of samples. For proteomics analysis, coefficient of

variation (CV), pearson correlation analysis were used to evaluate the quality of QC samples. Column peak capacity statistics in DIA test, dis-

tribution of protein FDR and elution time for each peptide of iRT Kit on the chromatogram were all demonstrated a stable DIA system.
For metabolomics analysis, Total ion chromatogram (TIC), Hotelling’s T2 test, multivariate control chart and relative standard deviation

(RSD) were used to evaluate the quality of QC samples. (Figures S7 and S8)

Data analysis

DDA data was directly imported to Spectronaut software (SpectronautTM14.4.200727.47784) build a Spectral Library. Download the database
according to the species. Search parameters were set as follows: the enzyme as trypsin, the max miss cleavage site as 1, the fixed modification
as Carbamidomethyl (C), and the dynamic modification as Oxidation (M) and Acetyl (Protein N-term). The protein identified by database
search must pass the set filtering parameter FDR<1%. DIA data was processed using Spectronaut software (SpectronautTM
14.4.200727.47784) and the database was the same as that used for the construction of the database. Software parameters were set as follows:
retention time prediction type as dynamic iRT, interference on MS2 level as enabled, cross run normalization as enabled. All results must pass
the filter parameter Q Value cutoff of 0.01 (equivalent to FDR<1%).

The raw MS data were converted to MzXML files using ProteoWizard MSConvert before importing into freely available XCMS software. For
peak picking, the following parameters were used: centWave m/z = 10 ppm, peakwidth = ¢ (10, 60), prefilter = c (10, 100). For peak grouping,
bw =5, mzwid = 0.025, minfrac = 0.5 were used. CAMERA (Collection of Algorithms of MEtabolite pRofile Annotation) was sued for annotation
of isotopes and adducts. In the extracted ion features, only the variables having more than 50% of the nonzero measurement values in at least
one group were kept. Compound identification of metabolites was performed by comparing of accuracy m/z value.
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Bioinformatic analysis

The functional enrichment analysis Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) was applied by the GO and
KEGG library. The significance level of the enrichment pathway was analyzed by Fisher's exact test. The trend of protein expression over time
was analyzed by fuzzy c-means algorithm (FCM). The above were analyzed and graphed using R software V.3.6.3.

Ensemble learning method

The ensemble learning method®' was designed to select biomarkers. It integrates multiple types of machine learning algorithms to identify
potential targets that frequently appear in classification models with high accuracy. The reward scores obtained in five feature selection
methods (logistic regression (LR), support vector machine (SVM), Boruta based on random forest (RF), recursive feature elimination, and cor-
relation-based feature selection were calculated as a comprehensive weight value for each substance. All substances were sorted from high to
low according to their weight. Receiver operating characteristic (ROC) accumulating curves were calculated by fitting LR and linear models to
further identify the biomarkers. Finally, we trained a logistic regression model using screened biomarkers to identify older patients with higher
risk of irAEs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using R software V.3.6.3 and SPSS V.23. For both proteomics and metabolomics data, a t-test was per-
formed on the scaled imputed data to determine the significance of the differences. Differentially expressed proteins were then screened
using a cut-off of p value <0.05, fold change >1.5 or fold change <0.67. For metabolomics data, the variable importance in the projection
(VIP) was calculated by orthogonal partial least-squares discriminant analysis (OPLS-DA). Permutation test and 7-fold cross-validation verified
the reliability of the model. Differentially changed metabolites were screened using a cut-off of p value <0.05 and VIP >1. For comparisons of
more than two groups, one-way ANOVA was employed for normal distributions and homogeneity of variance, and the Kruskal-Wallis test for
non-normal or inhomogeneity of variance. Bonferroni adjustment was used for pairwise comparisons. Chi-square test or Fisher exact tests
were used for rate comparison. Kaplan—-Meier method was used to calculated progression-free survival (PFS) curves and log-rank test was
used to seek for differences between the two groups. Univariate and multivariable survival analyses were estimated by the Cox proportional
hazards model. A two-sided a of <0.05 was considered to indicate statistical significance.
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