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Abstract

Purpose: Study the biology and identify markers of severe cytokine release syndrome (CRS) 

and immune effector cell-associated neurotoxicity syndrome (ICANS) in children post chimeric 

antigen receptor T-cell (CART) treatment.

Experimental Design: We use comprehensive proteomic profiling to measure over 1400 serum 

proteins at multiple serial timepoints in a cohort of patients with B-cell acute lymphoblastic 

leukemia treated with the CD19 targeted CART CTL019 on two clinical trials

Results: Identified FLT3 and MILR1 as pre-infusion predictive biomarkers of severe CRS. 

Demonstrated that CRS is an interferon gamma driven process with a protein signature 

overlapping with hemophagocytic lymphohistiocytosis (HLH). Identified IL18 as a potentially 

targetable cytokine associated with the development of ICANS.

Conclusion/Discussion: We identified pre-infusion biomarkers that can be used to predict 

severe CRS with a sensitivity, specificity, and accuracy superior to the current gold standard of 

disease burden. We demonstrated the fundamental role of the interferon gamma pathway in driving 

CRS which suggests that CRS and carHLH are overlapping rather than distinct phenomena which 

has important treatment implications. We found IL-18 as a possible targetable cytokine in ICANS, 

providing rationale for IL-18 blockading therapies to be translated into clinical trials in ICANS.

Statement of Translational Relevance

We identify two pre-infusion biomarkers for CRS that can predict severity. These markers can be 

utilized in replacement of bone marrow aspirate to prognosticate CRS. We demonstrate significant 
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overlap between HLH and CRS which suggests the use of cytokine blockade therapies for 

treatment. We identify IL-18 as a novel targetable biomarker for the treatment and prevention 

of ICANS. IL-18 blockade is currently being evaluated in other inflammatory conditions and 

could rapidly be translated into clinical trials in ICANS. In conclusion, these findings are clinically 

relevant with important implications for the development and management of CART.

INTRODUCTION

Chimeric antigen receptor T-cells (CART) against CD19 (CART19) have revolutionized 

the treatment of B-cell malignancies.(1) The most common adverse events associated 

with CART are cytokine release syndrome (CRS) and immune effector cell associated 

neurotoxicity syndrome (ICANS).(2) CRS is a disorder characterized by fever and 

inflammation related to CART and bystander cell activation.(2) Our group and others 

have previously demonstrated that the pathophysiology of CRS is related to the immune 

dysregulation syndrome hemophagocytic lymphohistiocytosis (HLH).(3,4) ICANS is a 

poorly understood phenomenon characterized by the development of a spectrum of 

neurologic symptoms that may include encephalopathy, seizure, or cerebral edema, 

following CART infusion.(2) Despite their frequency, the biology of both conditions is 

incompletely understood.

The current best predictor of both CRS and ICANS is disease burden prior to CART 

infusion, with patients with higher disease burden at higher risk of severe CRS and ICANS.

(2) While disease burden is somewhat sensitive for the development of severe CRS it has 

poor specificity. Our group and others have recently shown through prospective clinical 

trials that early intervention with cytokine blockade may mitigate risk for severe CRS in the 

appropriate context.(5,6)

Cytokines, including IFNγ, IL-6, IL-10 and GCSF have been implicated in the 

pathophysiology of CRS and ICANS. Cytokine blockade targeting the IL-6 pathway is the 

current standard of care for the treatment of CRS.(2) Corticosteroids are the current standard 

of care for ICANS, but their efficacy is limited and steroids may theoretically impede CART 

efficacy.(2) Elevations of IL-1 in the CSF have been associated with the development of 

ICANS, and blockade of IL-1 has been shown to ameliorate ICANS in murine models, 

leading to the investigation of IL-1 blockade with anakinra in early phase clinical trials 

(NCT04150913, NCT04359784, NCT04148430).(7,8)

To better understand the biology of CRS and ICANS, and to identify potential biomarkers 

of severity and targets for cytokine blockade, we performed serial comprehensive profiling 

to measure 1463 soluble proteins in the serum of pediatric and young adult patients prior to 

and following infusion with the 41BB-containing CART19 CTL019. We make the following 

novel observations: (i) we identify candidate pre-infusion biomarkers of CRS severity, (ii) 

we provide a detailed serum proteomic analysis of patients with severe CRS, showing the 

fundamental role of IFNγ in this pathophysiology and identifying potentially targetable 

pathways, (iii) we identify targetable cytokines associated with the development of ICANS 

including IL-18, and (iv) we demonstrate that perturbations in the complement cascade may 

occur in association with CRS and ICANS.
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MATERIALS AND METHODS

Study Design, Population, Clinical Categorization and Sample Collection

This study was conducted in accordance with the Declaration of Helsinki and was approved 

by the Institutional Review Board (IRB) at CHOP. Written informed consent was obtained 

from all patients. Serial time points were analyzed on pediatric patients enrolled on 

clinical trials of the 41BB containing CD19 directed CART CTL019 (NCT01626495 & 

NCT02906371). Proteomic analysis was performed on serial time points on an initial 26 

patients, 13 with minimal and 13 with severe CRS. Details on this patient cohort have 

been reported previously.(3) A limited proteomic analysis was performed on 17 additional 

patients (4 severe and 13 minimal) at the pre-infusion timepoint. Disease burden was 

measured at pre-infusion and defined as the highest percentage of blasts by multiparameter 

flow for minimal residual disease, aspirate morphology, or biopsy.

CRS was graded according to the UPENN scale as previously described (Supplemental 

Table S1).(3) Minimal CRS was defined as patients with no CRS, grade 1, grade 2 or 

Grade 3 CRS without the need for pressors or non-invasive ventilatory support. Severe 

CRS included patients with grade 3 CRS who required pressors or non-invasive ventilatory 

support, and those with grade 4 CRS. This cohort did not include any patients with Grade 

5 CRS. Neurotoxicity symptoms were abstracted from severe adverse event reports on 

both clinical trials. Onset of neurotoxicity was defined as the first day of any neurologic 

symptoms, with resolution defined as the last day of any neurologic symptoms.

Samples were collected as previously described at pre-infusion, post-infusion day 7-10, day 

14 and resolution.(3) Per patient timepoints are shown in Supplemental Figure S1.

Proteomic Measurement

The Olink Explore 1536/384 panel (Olink Proteomics, Upppsala, Sweden) was used to 

measure 1463 proteins on serial timepoints from the serum of the initial cohort of 26 

patients. A subset of 732 of these proteins, measured in the Explore 384 Oncology and 

Inflammation panels, were measured in the expansion cohort of 17 patients at the pre-

infusion timepoint. All protein data is reported in normalized expression values (NPX), on a 

Log2 scale.

Measurement of sC5b9

Sc5b9 levels were measured using enzyme-linked immunosorbent assays (ELISA; BD 

Biosciences, CA, USA, #558315) at two dilutions and in triplicate.

Flow Cytometry

Flow cytometry was performed on PDX samples created from patients included in this 

analysis. All PDX were assessed for surface expression of MILR1 and FLT3. Antibodies 

were obtained from Miltenyi (MA, USA) and R&D Systems Inc (MN, USA). Data were 

analyzed using FlowJo version 10.8 (BD Biosciences, NJ, USA). A cut-off of 20% marker 

positivity was used as a binary criterion for positivity of expression.
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Protein Analysis

Analysis of proteins was performed in R (version 4.0.4) using RStudio (Rstudio, MA, 

USA). False discovery rates were calculated using the Benjamini-Hochberg correction. 

Clustering analysis was performed using tSNE for R and Factoextra was used to abstract 

data from PCA. PathfindR was used for pathway analysis. Details of the machine learning 

analysis, protein-protein clustering, RNA sequencing analysis and Cystosig analyses and 

other methods are presented in Supplemental Methods S1.

Data Availability

The data generated in this study are available upon request from the corresponding author. 

In addition, publicly available data generated by others were used by the authors and are 

available from the Office of Cancer Genomics (https://ocg.cancer.gov/programs/target/data-

matrix).

RESULTS

Clinical Description of Patients

Our initial discovery cohort included 26 patients treated with CTL019 on the clinical trials 

NCT01626495 & NCT02906371: 13 patients with minimal CRS and 13 patients with 

severe CRS, classified using the UPENN scale (Supplemental Table S1). Two patients 

with minimal and 12 patients with severe CRS developed ICANS. We collected serum 

at timepoints from pre-infusion to 35 days post-infusion, measuring 1463 proteins at 

128 unique datapoints. Clinical details of patients are presented in Supplemental Table 

S2. Timing of the development of CRS, ICANS, tocilizumab administration and sample 

collection is presented in Supplemental Figure S1.

Pre-infusion Biomarkers for CRS

We sought to identify pre-infusion biomarkers predictive for severe CRS. In our discovery 

cohort, we performed a differential expression analysis (DEA) of proteins comparing 

severe and minimal CRS at pre-infusion (N=22; Figure 1A). A single protein, Mast 

Cell Immunoglobulin Like Receptor-1 (MILR1), a negative regulator of hypersensitivity 

reactions not previously associated with B-ALL, was identified.(9) We found that in patients 

who developed severe CRS (but not those with minimal CRS), MILR1 levels were initially 

high and declined over time (Figure 1B). Elevations in MILR1 at the pre-infusion timepoint 

predicted development of severe CRS with a sensitivity of 88% and a specificity of 97% 

(area under the curve = 0.977, N=22; Figure 1C).

We next used linear regression to identify proteins that were highly correlated at the pre-

infusion timepoint with MILR1 levels (Supplemental Data 1). Levels of the soluble form of 

the type III cytokine receptor fms-like tyrosine kinase 3 (FLT3) were highly correlated with 

MILR1 levels (Figure 1D; R=0.86, p=1.3x106). FLT3 showed a similar pattern over time to 

MILR1, with higher levels at pre-infusion decreasing over time in patients with severe CRS. 

Interestingly, FLT3’s canonical ligand, FLT3-ligand (FLT3LG) changed in an inverse pattern 

to FLT3 levels in patients with severe CRS (Figure 1E).
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In this initial cohort both FLT3 and MILR1 were highly correlated with disease burden 

(Spearman R=0.85 and 0.82, respectively, Supplemental Figure S2). As disease burden is 

the current gold standard for predicting severe CRS, we looked at the candidate biomarkers 

FLT3 and MILR1 in a larger set of patients and expanded the cohort from 22 to 39 patients 

enrolled on the same clinical trials. To bias towards the null hypothesis that FLT3 and 

MILR1 were not predictive of severe CRS, we added 17 additional subjects with known low 

disease burden/severe CRS and high disease burden/minimal CRS (Supplemental Methods 

and Table S3). In these 17 additional patients we measured a smaller panel of proteins that 

incorporated both MILR1 and FLT3 at the pre-infusion timepoint. In the combined cohort 

of 39 patients, disease burden predicted severe CRS with a sensitivity 73% and specificity 

52% (AUC=0.61, N=39). Both MILR1 (sensitivity = 71%, specificity = 70%, AUC = 0.73, 

N=39) and FLT3 (sensitivity = 68%, specificity = 62%, AUC = 0.63, N=39) were equal or 

better to disease burden in predicting the development of severe CRS. The combination of 

FLT3 and MILR1 predicted severe CRS with sensitivity 78% and specificity 71% (Figure 

1F; AUC=0.78, N=39).

We next applied a machine-learning feature forward selection approach with leave-one-out-

cross validation to identify pre-infusion biomarkers that are classifiers of severe CRS among 

the 732 proteins measured in all 39 patients. TGFA and LAIR1 were identified as the 

top two classifiers, with a model accuracy of 77.2% +/− 7.9 for prediction of severe CRS 

(Supplemental Table S4 and Figure S3). MILR1 alone in this model had an accuracy of 

64.2% +/− 8.3. The combination of MILR1, TGFA and LAIR1 had an accuracy was 79.7% 

+/− 12 for prediction of severe CRS. Both MILR1 separately and the combination of 

MILR1, LAIR1 and TGFA out-performed disease burden (accuracy 54.2% +/− 14.2%).

As MILR1 and FLT3 correlated with disease burden, we hypothesized that MILR1 and 

FLT3 may be secreted by leukemic blasts. We examined the TARGET RNA-sequencing data 

set of pediatric patients with B-ALL (https://ocg.cancer.gov/programs/target/data-matrix; 

N=145) and found that B-ALL blasts expressed FLT3 and MILR1 (Supplemental Figure 

S4). We used flow cytometry to look at surface expression in patient derived xenografts 

(PDX) made from a subset of 9 patients included in this analysis. A representative 

flow plot is presented in Supplemental Figure S5. All samples were positive for surface 

FLT3 expression, and two of nine samples were positive for surface MILR1 expression 

(Supplemental Table S5).

To better understand the cytokine responses induced by MILR1 and FLT3 we queried the 

Cytokine Signaling Analyzer (CytoSig; Figure 1G&H).(10) Notably, MILR1 is associated 

with induction of the lymphocyte-produced cytotoxic protein LTA, with the T-cell inhibitory 

cytokine IL-10 and the neutrophil chemotactic factor G-CSF.

Cytokine Architecture at Peak CRS

We next looked at cytokines at peak CRS, defined as the first day of measured cytokines 

after admission to the intensive care unit. In patients with minimal CRS, the peak timepoint 

was defined as day 7. The overall architecture of proteins at this timepoint visualized with 

principal component analysis (PCA) and t-distributed stochastic neighbor embedding (tSNE) 

are presented in Supplemental Figures S6-8. Patients with severe CRS cluster separately 
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from patients with minimal CRS. Differentially expressed proteins (DEP) at peak CRS 

are presented in Figure 2A. Given the putative role of IFNγ in CRS pathophysiology, we 

classified DEP as IFNγ responsive based on a recently published comprehensive network 

map of IFNγ signaling.(11) Out of 131 DEP, 20 were IFNγ responsive (Figure 2A and 

Supplemental Data 2). We performed pathway analysis on DEPs to identify potentially 

targetable pathways (Figure 2B). Notably, the TNF-signaling pathway was identified in this 

analysis.

We used unbiased, k-means protein-protein clustering to identify patterns of association 

over time in patients with severe CRS and identified 3 protein clusters. The cluster with 

proteins that have the highest correlation to the centroid is shown in Figure 2C with the 

others presented in Supplemental Figure S9. Notably, IFNγ, and its canonically induced 

chemokines CXCL9 and CXCL10, and the T-cell exhaustion associated protein CD274 

(Programmed death-ligand 1) clustered together over time (Figure 2C).

We have previously reported on the similarities between HLH and severe CRS in a smaller 

panel of cytokines.(3) We sought to test this similarity by comparison of our Olink dataset 

to a recent proteomic analysis measuring 140 proteins comparing classical HLH patients to 

healthy controls reported by Lin et al.(12) 69 of the 140 proteins measured by Lin were 

also measured in our Olink dataset. 54 proteins were found to be significantly different in 

patients with HLH compared to healthy controls with 29 of these proteins measured by 

Olink. Unsupervised clustering using this 29-protein signature groups patients as having 

severe or minimal CRS, implying that a common pathophysiology underlies both HLH and 

CRS (Figure 2D).

Lin et al reported 39 proteins elevated in HLH relative to healthy controls. Twenty-three of 

these proteins were measured by Olink and 18 were significantly elevated in patients with 

severe compared to minimal CRS (Wilcoxon p-value ≤0.05; Figure 2E). They also identified 

11 proteins which were lower in HLH than healthy controls. Six of these 11 proteins were 

measured by Olink and, as expected, all were low in all patients (Figure 2F).

IL-18 is associated with ICANS

In animal models, IL-1 has been invoked as potentially related to the pathophysiology 

ICANS.(8) We thus looked at the association between the IL-1 family of proteins and the 

timing of ICANS symptom onset. Interestingly, neither IL-1A or IL-1B were associated 

with the onset of ICANS symptoms (Figure 3A&B). We then looked at all proteins in 

the IL-1 family measured by Olink (Supplemental Figure S10). We found that IL-18 

best recapitulated the onset of ICANS symptoms (Figure 3C). IL-18 binding protein 

demonstrated a similar pattern (Supplemental Figure S11). Only one patient categorized 

as not having ICANS had significant elevations in IL-18. Notably, this child was infused 

prior to the recognition of ICANS as a clinical entity. The patient’s neurologic assessment 

was confounded due to intubation and sedating medications.

We next expanded our search for ICANS biomarkers beyond the IL-1 family of cytokines. 

Given the significant overlap between patients who developed ICANS and those who 

developed CRS, we leveraged the serial nature of our data to identify timepoints when both 
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CRS and ICANS were occurring and compared them to timepoints when only ICANS was 

occurring using DEA (Figure 3D). Proteins significantly more associated with both CRS 

and ICANS or with ICANS alone are listed in Supplemental Tables S6&7. Notable proteins 

associated with ICANS alone included CHIT1 and TREM2, which have been associated 

with neuroinflammation in other contexts.(13-17) The protein with the highest mean NPX, 

CELA3A (chymotrypsin like elastase 3A) increased in concordance with the onset of 

ICANS symptoms when visualized serially (Figure 3E). Time course for all identified 

proteins with onset of ICANS symptoms are shown in Supplemental Figure S12. For each 

cytokine identified in the previous analyses, we performed statistical comparisons between 

patients with and without ICANS, comparing both area under the curve and the highest 

value of each cytokine. Data for both analyses are presented in Supplemental Table S8.

Complement Dysregulation in CRS and ICANS

Patients with severe CRS can develop significant but typically transient renal dysfunction. It 

is unknown if this is merely a consequence of decreased perfusion or kidney damage from 

alternative pathophysiology.(18) To better understand this biology, we looked at proteins that 

were highly associated with renal dysfunction using cystatin C as a surrogate marker.(19) 

Severe CRS was associated with increases in cystatin C, especially at the peak timepoint 

(Figure 4A). We used linear regression to identify proteins that were associated with cystatin 

C at this timepoint (Figure 4B). Notably, negative regulators of complement CD46, CD59, 

CD55 and VSIG4 were all significantly associated with elevations in cystatin C. We looked 

at all complement related proteins measured and found that these proteins classified patients 

as having severe or minimal CRS when unsupervised clustering was used (Figure 4C).

Vascular endothelial dysfunction has previously been demonstrated to be associated with 

the development of ICANS.(20) We hypothesized that complement activation may also be 

related to the development of ICANS and measured the marker of terminal complement 

activation sC5b9 and its association with ICANS (Figure 4D). Notably sC5b9 levels were 

highly elevated relative to normal in all patients. We compared the highest sC5b9 at any 

point in patients with and without ICANS and found elevations in sC5b9 were significantly 

associated with ICANS symptoms (Figure 4E; t-test p=0.046).

DISCUSSION/CONCLUSION

We performed comprehensive proteomic profiling of patients treated with CTL019 to make 

several novel observations about the pathophysiology of CRS and ICANS. First, we identify 

and validate the proteins MILR1 and FLT3 as candidate pre-infusion serum biomarkers 

that predict the development of CRS at least as well as the current gold standard of 

disease burden. Second, we demonstrate that CRS is associated with IFNγ and its related 

proteins, supporting the fundamental clinicopathological similarities of severe CRS to HLH. 

Third, we identify novel, potentially targetable biomarkers for the development of ICANS, 

including IL-18 and CELA3A. Finally, we show that complement dysregulation may play a 

role in the development of CRS and ICANS.

We identify two potential pre-infusion biomarkers of severe CRS: MILR1 and FTL3. 

MILR1 has not been previously reported in pediatric leukemia biology. It primarily serves 
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as a negative regulator of IgE-mediated hypersensitivity reactions.(9) We demonstrate that 

MILR1 is expressed on the surface of B-ALL blasts in a subset of patients and on a 

transcriptomic level. FLT3 is known to be expressed on B-ALL blasts and has previously 

been targeted in B-ALL.(21) The remarkable inverse relationship between FLT3 and 

FLT3LG over time implies that FLT3 and FLT3LG may play a role in modulating CRS. 

FDA-approved FLT3 inhibitors have been extensively studied in the pediatric population 

and our data suggest they should be investigated in CRS. Importantly, serum biomarkers 

like FLT3 and MILR1 could obviate the need for the current practice of pre-infusion bone 

marrow aspirate to prognosticate CRS. Given that the relative amount of marrow disease 

can vary between different sites of bone marrow aspirates and biopsies, it is possible that 

MILR1 and FLT3 are better at defining disease burden than a single bone marrow aspirate at 

pre-infusion.

Next, we demonstrate the key role of IFNγ and its related proteins in the development of 

severe CRS. IFNγ is an effector T-cell cytokine and an in vitro marker of T-cell activation, 

and initially blockade of IFNγ was avoided as a treatment strategy in CRS because of 

concern that this would impede T-cell proliferation and anti-tumor efficacy. However, recent 

data demonstrates that IFNγ blockade does not impede CART cell activity in vitro or in 
vivo in preclinical models.(22) Our group has successfully treated multiple pediatric patients 

with severe CRS refractory to steroids and tocilizumab with the IFNγ-blocking medication 

emapalumab, which is currently FDA-approved for the treatment of pediatric HLH.(23) 

Based on the data we present here and our clinical success using this medication in patients, 

we plan to prospectively evaluate emapalumab as a treatment for severe refractory CRS.

Like most biologic phenomena, CRS and HLH exist on a gradient of severity. Our current 

and previous data demonstrate no appreciable difference in the immunophysiology of 

severe CRS and HLH. HLH is a process with diverse contributors and a spectrum of 

clinical severities.(24) Even in familial HLH, infants with PRF1 deficiency can present 

with a spectrum of mild inflammation to critical illness. Although cytotoxic therapies 

are the mainstay of treatment for familial HLH, most other HLH subtypes can be 

successfully managed with steroids, cytokine blockade, and immunomodulators. Indeed, 

use of chemotherapy has been shown to be harmful, worsening outcomes in some cases of 

infection driven HLH.(25) We caution against categorizing those with severe CRS or late 

CRS as uniquely having HLH. While future work may find the biology of refractory and 

late CRS is different and novel therapies are required, there are no data to suggest that these 

patients benefit from medications such as etoposide. These cases may be more likely to be 

successfully treated with targeted therapies, such as IFNγ inhibitors, Jak-Stat inhibitors, or 

IL-18 inhibitors.

Although targeting specific cytokines has proven to be a successful strategy in the treatment 

of CRS, effective targeted therapies for ICANS remain elusive and steroids remain the 

standard of care.(2) This may be in part related to poor CNS penetration of monoclonal 

antibodies, including tocilizumab. The IL-1RA-antagonist anakinra, which has excellent 

CNS penetration, is currently being evaluated as a potential therapy for ICANS in clinical 

trials (NCT04150913, NCT04359784, NCT04148430). Our results argue that IL-1A and 

IL-1B are not key drivers of ICANS, but that IL-18 may be playing an important role. 
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Blockade of IL-18 with recombinant IL-18BP as a treatment strategy in HLH related 

conditions is currently being evaluated in a clinical trial (NCT03113760). Simultaneous 

blockade of IL-18 and IL-1 may be a tractable treatment strategy for ICANS and superior to 

IL-1 inhibition alone.

We show evidence of complement dysregulation being associated with renal dysfunction 

in patients with severe CRS, and terminal complement elevations in all patients, with 

higher levels in patients who develop symptoms of ICANS. Endothelial dysfunction has 

previously been identified as potentially contributing to the pathophysiology of ICANS.(20) 

Complement activation may drive this endothelial dysfunction. This is an important area for 

future inquiry as the complement pathway has not yet been targeted in CRS or ICANS. The 

availability of drugs that target complement activation, such as eculizumab, helps pave the 

way for future trials to prevent or treat ICANS.

In this report we employed longitudinal sample collection and comprehensive proteomic 

analysis to make unique observations about targetable cytokines that can be evaluated in 

patients with refractory CRS and ICANS. We show that CRS bears the hallmarks of an 

IFNγ-driven process with fundamental similarities to HLH. We identify FLT3 and MILR1 

as potential candidate pre-infusion biomarkers for severity. Future work will validate these 

findings in other CART products and other diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification and validation of pre-infusion biomarkers for cytokine release syndrome.
(A) Differential expression analysis of proteins at the pre-infusion timepoint (N=22) 

comparing patients with severe and minimal cytokine release syndrome (CRS) identified a 

single significant marker, Mast Cell Immunoglobulin-like Receptor 1 (MILR1). An absolute 

fold change threshold of 2 and a false discovery rate (FDR) threshold of 0.05 were used. 

(B) MILR1 levels in patients with severe (N=13) and minimal CRS (N=13) over time. 

Patients with severe CRS had high levels of MILR1 at pre-infusion that decreased over 

time, where those with minimal CRS had consistent levels over time. (C) Receiver operative 

characteristic (ROC) curve of MILR1 as a binary predictor of severe CRS (N=22). (D) 
FLT3 levels and MILR1 levels at the pre-infusion timepoint are highly correlated (R=0.86, 

p=1.3x106, N=22). Dots are colored by CRS category with higher levels of both biomarkers 
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in patients with severe CRS compared to those with minimal CRS. (E) Mean levels of 

FLT3 and FLT3-ligand (FLT3LG) in patients with severe (green lines) and minimal (purple 

lines) CRS. Patients with severe CRS have high levels of FLT3 at pre-infusion that decline 

over time in an inverse manner to levels of FLT3LG. (F) ROC curve of FLT3 and MILR1 

in an expanded validation cohort (N=39) predicted the development of severe CRS with a 

sensitivity of 0.78 and a specificity of 0.71 (AUC=0.78). Cytosig outputs of proteins known 

to be associated with MILR1 (G) and FLT3 (H) from previously reported RNA sequencing 

data sets. Y-axis represents mean log fold change of significantly different cytokines (p 

≤0.05) listed on the X-axis.

Diorio et al. Page 14

Clin Cancer Res. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Insights into the pathophysiology of cytokine release syndrome at the peak timepoint.
(A) Differential expression analysis at the peak timepoint for patients with severe (N=13) 

compared to minimal (N=13) CRS. Colored dots meet the threshold of significance. Orange 

dots are dots known to be associated with IFNγ signaling. Pink dots are not known to 

be associated with IFNγ signaling. A fold change threshold of 2 and a false discovery 

rate (FDR) threshold of 0.05 were used to define significance. (B) Pathway analysis of 

significantly differentially expressed proteins is presented. Notably, the TNF signaling 

pathway was significantly perturbed. (C) Protein-protein clustering at pre-infusion, prior 

to peak, peak and last day timepoints in severe patients in whom all 4 timepoints were 

available (N=8). The cluster with the highest degree of correlation between the proteins 

and the cluster centroid (0.96) is presented. Notably IFNγ, and its canonical responders 
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CXCL9 and CXCL10 were highly clustered together, as was the T-cell exhaustion marker 

CD274 (PDL1). (D) Heatmap of 29-protein signature associated with HLH clusters patients 

in to severe vs. minimal CRS when unsupervised clustering is applied at the peak timepoint 

(N=26). Data for the heatmap was mean-centered. Dot plot demonstrating per patient levels 

cytokines previously shown to be elevated (E) or decreased (F) in the setting of HLH. 

Patients with severe CRS (N=13) demonstrate a pattern very similar to that seen in patients 

with HLH. Y axis represents NPX log2 scale, *represents significantly different proteins 

with p-value ≤0.05 calculated using a Wilcoxon test. Green dots indicate patients with 

minimal CRS and blue dots represent patients with severe CRS.
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Figure 3. Immune effector cell associated neurotoxicity syndrome (ICANS) associated cytokines.
Longitudinal levels for patients who did (left; N=14) and did not (right; N=12) develop 

ICANS are demonstrated. Yellow coloration represents the onset of ICANS symptoms 

for each patient. The cytokines IL-1A (A) and IL-1B (B) were not associated with the 

development of ICANS symptoms when comparing the area under the curve (AUC) (p=0.38 

and p=0.54, respectively) or peak values during ICANs (p=0.55 and p=0.8) in those who did 

(left) vs did not (right) develop ICANS by Wilcoxon. IL-18 levels (C) were associated with 

the onset of ICANS symptoms in most patients (AUC: p<0.01; peak values during ICANS: 

p<0.01). X-axis demonstrates day, Y-axis represents NPX for each protein. Expression of 
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proteins associated with both CRS and ICANS (Y-axis) or with ICANS alone (X-axis) is 

presented in (D). Purple dots are statistically significant proteins with a nominal p-value ≤ 

0.05 computed with a t-test and have an absolute fold change ≥ 1.5. IL-18 is colored in 

pink. (E) Longitudinal levels of CELA3A, the highest expressed protein from (D) is shown 

associated with onset of ICANS symptoms (AUC: p<0.01; peak values during ICANS: 

p<0.01). X-axis demonstrates day, Y-axis represents NPX for each protein.
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Figure 4. Evidence of complement dysregulation related to the development of CRS and ICANS.
Severe cytokine release syndrome (CRS) is associated with renal dysfunction as 

demonstrated by increases in the renal dysfunction marker Cystatin C (A), particularly 

at the peak timepoint (p < 0.001). (B) Top twenty linear correlates of Cystatin C at 

the peak timepoint. Proteins related to complement are denoted with purple rectangles. 

(C) A heatmap of all complement related proteins measured by Olink with unsupervised 

hierarchical clustering applied to all patients at the peak CRS timepoint (N=26). Patients 

with minimal CRS are colored in green and patients with severe CRS are colored in blue. 

Color bar represents variable range of NPX value. (D) Soluble c5b9 (sc5b9) levels (ng/mL) 

in patients with (N=14) and without (N=12) ICANS symptoms measured over time. Yellow 

lines represent occurrence of ICANS symptoms with grey lines denoting absence of ICANS 
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symptoms. Dashed horizontal line represents upper limit of normal (ULN) on sC5b9 assay 

(247 ng/mL). Area under the curve (AUC) comparison of those who did vs did not develop 

ICANS showed a trend toward a significant difference (p=0.07 by Wilcoxon), but there were 

outliers (E) Comparing the highest sC5b9 level in patients who did (N=14) and did not 

(N=12) develop ICANS compared with t-test, p=0.046 did demonstrate a difference between 

groups.
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