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Abstract

Cells rely on activity-dependent protein-protein interactions to convey biological signals. For 

chimeric antigen receptor (CAR) T cells containing a 4–1BB costimulatory domain, receptor 

engagement is thought to stimulate the formation of protein complexes similar to those 

stimulated by T cell receptor (TCR)–mediated signaling, but the number and type of protein 

interaction–mediating binding domains differ between CARs and TCRs. Here, we performed 

coimmunoprecipitation mass spectrometry analysis of a second-generation, CD19-directed 4–

1BB:ζ CAR (referred to as bbζCAR) and identified 128 proteins that increased their co-

association after target engagement. We compared activity-induced TCR and CAR signalosomes 

by quantitative multiplex coimmunoprecipitation and showed that bbζCAR engagement led to the 

activation of two modules of protein interactions, one similar to TCR signaling that was more 

weakly engaged by bbζCAR as compared to the TCR, and one composed of TRAF signaling 

complexes that was not engaged by the TCR. Batch-to-batch and inter-individual variations in 

production of the cytokine IL-2 correlated with differences in the magnitude of protein network 

activation. Future CAR T cell manufacturing protocols could measure, and eventually control, 

biological variation by monitoring these signalosome activation markers.
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Introduction

Chimeric antigen receptors (CARs) use a single-chain variable antibody fragment 

(scFv) specific to tumor antigens to instruct T cell activation through an engineered 

construct containing CD3ζ and costimulatory domains(1, 2). Four CARs targeting CD19, 

using the costimulatory domains of either 4–1BB (tisagenlecleucel(3) and lisocabtagene 

maraleucel(4)) or CD28 (axicabtagene ciloleucel(5) and brexucabtagene autoleucel(6)) are 

FDA-approved for B cell lymphomas, and clinical trials have reported up to 94% remission 

rates after therapy(7). Despite these striking successes, many CAR design challenges 

remain. CARs are not very effective against solid tumors, which is likely due to the 

immunosuppressive tumor microenvironment, which prevents their more widespread use 

in oncology(8). The selection of appropriate tumor antigens is critical to prevent on-target, 

off-tumor side effects, and tumor heterogeneity or reduction in antigen abundance may lead 

to tumor escape and relapse. Even when a compatible tumor antigen is identified, as is the 

case with CD19 CARs, moderate-to-severe side effects, such as cytokine release syndrome 

or neurotoxicity, affect a substantial portion of patients, which prevents the use of CAR T 

cell therapy as a first-line treatment(9). Because the CAR is a synthetic receptor, it should be 

possible to bioengineer solutions to some of these issues. However, an engineering approach 

requires a solid understanding of the protein complexes that mediate downstream signal 

transduction and constitute the “programming language” of the cell(10).

The CAR is thought to instruct T cell activation by engaging protein-protein interactions 

similar to those engaged by the native T cell receptor (TCR)-CD3 complex in response 

to stimulation by peptide-bound major histocompatibility complex (pMHC)(1). In the TCR 

system, engagement of pMHC leads to the LCK- and FYN-dependent phosphorylation 

of CD3 immunoreceptor tyrosine-based activation motifs (ITAMs)—one each in CD3δ, 

CD3ε, and CD3γ, and three in CD3ζ—which recruit proteins containing Src homology 

2 (SH2) and SH3 domains, such as the kinase ZAP70, in a phosphorylation-dependent 

manner(11). In addition, accessory binding sites on the TCR, such as the NCK-binding 

site in the proline rich region (PRR) of CD3ε(12), contribute additional complexity to the 

signalosome, rendering it sensitive to small changes in both pMHC binding kinetics and 

the costimulatory environment. The overall strength of signalosome activation appears to 

determine the cellular response(13). By contrast, the CAR contains only a single CD3ζ 
intracellular domain, which enables the CAR to bind to ZAP70 after scFv engagement, 

facilitating its phosphorylation and activation(14). However, mass spectrometry (MS) studies 

comparing the phosphoproteome after TCR vs. CAR stimulation found that key signaling 

adaptors downstream of ZAP70, including LAT and SLP-76, are phosphorylated to a much 

lower degree, or not at all, after CAR engagement as compared to after TCR engagement, 

suggesting less efficient signalosome formation(15, 16). In addition, the bbζCAR has a 

signaling motif that is not present in the TCR, which is derived from a TNF receptor 

family protein (TNFRSF9 or 4–1BB) that trimerizes in response to ligand binding to 

activate downstream extracellular signal-regulated kinase (ERK) and nuclear factor κB 

(NF-κB) signaling through a mechanism involving oligomerization of tumor necrosis factor 

(TNF) receptor–associated factors (TRAFs)(17). TRAFs are required for 4–1BB–mediated 

enhancement of bbζCAR function(18) through canonical or noncanonical nuclear factor 
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κB (NF-κB) pathways(19). However, the specific activity-dependent protein complexes 

recruited to the CAR after ligand binding, and their batch- and patient-specific variabilities, 

have not been thoroughly described.

We immunoprecipitated the bbζCAR from healthy donor–derived human CAR T cells and 

used MS to compare co-associated proteins before and after CAR stimulation. We identified 

128 proteins that increased their co-association with the bbζCAR after stimulation by CD19, 

including ZAP-70 and a large TRAF signaling complex. We incorporated components 

of this bbζCAR signalosome into a quantitative multiplex co-immunoprecipitation (QMI) 

platform previously used to study dynamic protein-protein interactions downstream of TCR 

activation(13, 20) and compared signalosome formation after activation of the TCR vs. 

bbζCAR. We found a core network of interacting proteins that changed their pattern of 

co-association after CAR ligation, which varied in composition and intensity of activation 

between batches of CAR T cells produced from the same donor, CAR T cells using 

different scFv domains, and CAR T cells produced from different individuals. Our results 

support a model in which the bbζCAR recruits ZAP70, which stimulates the formation 

of a PI3K-LAT–SLP-76 signalosome that is quantitatively weaker than that induced by 

TCR stimulation, while simultaneously engaging TRAF-mediated complexes that include 

BIRC2/3 and TAK1. Batch- and patient-specific differences in the intensity of signalosome 

activation correlated with production of the cytokine interleukin-2 (IL-2), which suggests 

that variation in the expression or assembly of key signalosome components may contribute 

to variations in CAR performance.

Results

MS-based identification of signaling-induced protein complexes

To identify a bbζCAR-specific signalosome, we immunoprecipitated the protein complexes 

bound to the bbζCAR after ligand binding in primary human T cells and compared them to 

those immunoprecipitated in the basal (unstimulated) state. For maximal clinical relevance, 

we used CD4+ and CD8+ T cells from eight healthy donors lentivirally transduced in a 

GMP facility to express a clinical bbζCAR containing an anti-CD19 scFV, an IgG4 hinge, 

a CD28 transmembrane region, a 4–1BB costimulatory domain, the complete intracellular 

sequence of CD3ζ, and a T2A self-cleaving peptide that co-expresses a truncated EGFR 

marker and leaves a small “2A scar” on the C terminus of the mature CAR. In cells, this 

CAR forms a dimer through two cysteines in the IgG4 hinge domain and may additionally 

interact with itself or other proteins through the CD28 transmembrane domain(21) (Fig. 

1, A and B). This CAR has undergone extensive clinical trials at our local institution 

(for example, NCT02028455)(7), and is identical to the FDA-approved lisocabtagene 

maraleucel(4) product.

To ensure robust detection of protein complexes and prevent occlusion of binding sites by 

the immunoprecipitating antibody, we performed two, independent MS experiments with 

two different immunoprecipitating antibodies, one against the C-terminal 2A scar (fig. 

S1A) and one against the N-terminal scFv domain (fig. S2A). Western blotting analysis 

demonstrated successful immunoprecipitation of the CAR, and co-immunoprecipitation of 

ZAP70 exclusively in the stimulated condition indicated successful detection of activity-
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dependent protein complexes (figs. S1B and S2B). Furthermore, equal amounts of CAR 

were pulled down from the stimulated and unstimulated samples.

In the first experiment, one identical aliquot of CAR T cells mixed 1:1 with glutaraldehyde-

fixed K562 cells stably expressing CD19 [which acted as antigen-presenting cells (APCs)] 

was incubated at 37°C for 5 min to induce signaling, and one identical aliquot was kept 

on ice (fig. S1A). Mock-transduced T cells were used as a negative control. This strategy 

ensured that the protein content of the CAR T cells and APCs were identical and enabled 

us to computationally subtract APC-derived proteins, such as CD19, which did not change 

in abundance with warming in fixed cells. To identify activity-dependent interactions, we 

compared proteins in the stimulated vs. unstimulated conditions for combined CD4+ and 

CD8+ T cells using a mixed linear model, and stringently removed “noise” proteins that 

appeared in >10% of human affinity purification experiments in the CRAPome database(22). 

Using cutoffs with a false discovery rate (FDR) < 0.1 and a log2 fold-change (log2FC) ≥ 

1, we identified 67 proteins that were significantly increased in abundance after stimulation 

(Fig. 1C, fig. S1, and table S1). Note that ZAP70 was among the identified proteins (log2FC 

= 5.3, t = −2.77). The protein most significantly increased in abundance was BIRC3 (log2FC 

= 3.5, t = −3.58), an E3 ubiquitin ligase involved in TNF receptor family signaling. Ligand-

induced trimerization of TNF-family receptors (such as 4–1BB) leads to the recruitment 

of BIRC3, and its homolog BIRC2, which ubiquitinate TRAF family proteins and recruit 

additional signaling molecules, including TAB1/2 and the kinase TAK1 (also known as 

MAP3K7), leading to the initiation of MAPK and NF-κB signaling(17). Six members of this 

signalosome were among our 67 identified ligand-dependent interactors: TRAF1 (log2FC 

= 4.4, t = −2.40), TRAF2 (log2FC = 7.4, t = −2.36), TRAFD1 (log2FC = 2.8, t = −2.01), 

BIRC2 (log2FC = 27.8, t = −2.52), BIRC3 (log2FC = 3.5, t = −3.58), and TAB2 (log2FC 

= 2.6, t = −2.01). Other notable proteins included PKCβ (KPCB, log2FC = 7.1, t = −3.19), 

a kinase that mediates the activation of NF-κB by phosphorylating CARD11/CARMA 

and forming a complex that includes TAK1(23); UBASH3A (log2FC = 5.9, t = −2.28), 

which regulates the ubiquitination and degradation of the TCR signalosome by inhibiting 

CBL-B(24); CD5 (log2FC = 2.1, t = −2.23), a negative regulator of TCR signaling that binds 

to CBL-B and UBASH3A, dampens NF-κB signaling, and promotes effector and memory 

cell phenotypes(25, 26); and CD44 (log2FC = 8.0, t = −2.92), a marker of memory/effector 

T cells that binds to LCK and may potentiate TCR responses by recruiting LCK to signaling 

sites(27).

It was somewhat surprising that we did not identify more TCR signalosome–associated 

proteins: LCK [log2FC = 2, t = −1.15; not significant (NS)], SLP-76 (not detected), LAT 

(not detected), GRAP2 (log2FC = 9.2, t = 1.19; NS), CD28 (log2FC = 1.03, t = −1.15; 

NS), and other major T cell signaling proteins did not reach statistical significance. We 

therefore performed a second experiment with two modifications to maximize our chances 

of identifying such interactions. First, we immunoprecipitated proteins with an anti-scFv 

antibody to ensure that signaling complexes were not occluding the 2A-binding site and 

preventing detection. Second, because cold treatment of T cells may cause TCR-like 

phosphorylation patterns that may mask CAR-induced signaling(28), we maintained all 

CAR T cells at 37°C and stimulated them with glutaraldehyde-fixed CD19-K562 cells or 

parental K562 cells as a stimulation control (fig. S2A). To differentiate proteins derived 
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from CAR T cells from those derived from APCs, we labeled the K562 cells with heavy 

isotope. We compared the stimulated vs. unstimulated conditions as described earlier, but 

used a 0.5 Log2FC cut-off because of overall weaker induction of signaling complexes, and 

again removed noise proteins in the CRAPome database(22), as well as 33 proteins that 

were <75% heavy-labeled (derived from K562 cells). Note that CD19 was strongly enriched 

in the “stimulated” condition (log2FC = 5.05, t = −9.23), but was 100% heavy-labeled (fig. 

S2, C and D). We identified 74 T cell–derived proteins that were significantly increased 

in abundance after stimulation (Fig. 1D, fig. S2, and table S1), including eleven proteins 

that were identified in both experiments: two that were previously linked to TCR signaling 

(ZAP70 and UBASH3A), two were linked to TNF receptor superfamily signaling (TRAF1 

and TRAF2), and six that were linked to vesicle trafficking (AP2M1, FLOT1, and FLOT2) 

and the actin cytoskeleton (SMTN, GSN, and PPP1R18). Other notable proteins identified 

in this second experiment included TAB1 (log2FC = 1.78, t = −2.34), a regulatory subunit 

of the kinase TAK1(29); TRADD (log2FC = 0.61, t = −2.14), a negative regulator of TRAF 

signaling(30); and PKCθ (log2FC = 0.83, t = −2.27), a kinase that mediates a prosurvival 

signal in T cells(31) and modulates the strength of TCR activation through the degradation 

of CBL-B(32). However, many classical TCR signalosome–associated proteins, including 

SLP-76, LCK, LAT, and GRAP2, were not detected.

We combined both datasets and used Gene Ontology (GO) and KEGG analysis to identify 

key cellular processes engaged by the CAR (table S2). Enriched GO terms included Actin 

Cytoskeletal organization (P = 1.38 × 10−12), actin-based filament transport (P = 1.25 

× 10−5), positive regulation of NF-κB activity (P = 1.49 × 10−6), and early endosomal 

recycling and transport (P = 0.0214), whereas the KEGG pathways included NF-κB 

signaling (P = 7.34 ×10−08), TNF signaling (P = 0.00016), MAPK signaling (P = 0.0071), 

and TCR signaling processes (P = 0.02). We next used the PICKLE database(33) to visualize 

previously reported protein-protein interactions among all 128 of the proteins identified 

in both experiments (Fig 1E) and included known TNFRSF9 and CD3ζ interactions to 

represent the bbζCAR. Clusters of highly interconnected proteins included those involved in 

TRAF signaling, Ras/Rac/CDC42 signaling and actin mobilization, and clathrin-mediated 

endocytosis, as well as several kinases and nuclear-associated proteins. Overall, the 

interactors identified highlight extensive cytoskeletal rearrangements, the activation of 

TRAF-mediated signaling complexes, and ZAP70-mediated interactions not traditionally 

associated with TCR signaling.

Development of a quantitative multiplex coimmunoprecipitation (QMI) assay targeting 
bbζCAR signaling

Quantitative multiplex coimmunoprecipitation (QMI) is an emerging proteomic method that 

uses multiple color-classes of antibody-coupled flow cytometry beads to immunoprecipitate 

protein complexes, as well as fluorophore-coupled probe antibodies to monitor acute 

changes in 400+ binary protein-protein interactions during signaling events (Fig. 2A) (20, 

34). To maximize protein complex detection in the CAR signalosome, we added several of 

the most connected nodes (Fig. 1E) to our previously described TCR signalosome panel(13, 

20): CAR (anti-2A scar), TRAF1, TRAF2, and BIRC3. We also included three proteins 

that did not reach statistical significance in the MS experiments but are important to the 
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TRAF and NF-κB signalosomes in lymphocytes: TAK1 (MAP3K7, FC = 597, t = −1.09; 

NS), which is recruited by TAB1/2, signals to IKKβ(17), and is critical to interferon-γ 
(IFN-γ) production by CD8+ T cells(35); TNIK (found in only one co-IP experiment) which 

binds to TRAFs, may recruit NCK to link TRAFs with TCR signaling mechanisms(12), 

and is critical for the generation of CD8+ memory T cells(36); and SHARPIN (FC = 13.6, 

T = −1.21), a component of the linear ubiquitination complex (LUBAC) that promotes 

activation of the IKK complex downstream of TNF family receptors(37, 38), ubiquitinates 

the CARMA-BCL10-MALT complex(39), and may bind directly to TRAF1(40).

As previously described(20, 34, 41), we identified two antibodies that simultaneously 

bound to each target in its native state on flow cytometry beads, and validated target 

specificity with cell lysates lacking these targets (fig. S3 and table S3). Detergent 

optimization is critical to co-immunoprecipitation experiments, but with multiplex co-

immunoprecipitations, one must select the best compromise detergent for the hundreds of 

potential binary interaction measurements(42). We compared digitonin, a detergent used in 

studies of TCR signaling because of its ability to maintain native TCR/CD3 complexes, 

with NP-40, a detergent used in studies of CAR signaling that is better than digitonin at 

solubilizing the CAR. We found a strong effect of detergent on detected protein networks; 

whereas many protein-protein interactions (indicated by “a_b,” where a and b represent 

the interacting proteins) were detected in samples treated with either detergent, others 

were better detected in samples treated with NP-40 (for example, CAR_ZAP70) or in 

samples treated with digitonin (for example, SLP76_LAT) (fig. S4). We used NP-40 in 

some experiments (Fig. 2) to ensure detection of CAR_ZAP70, whereas we used digitonin 

in the remaining experiments to maximize detection of the TCR signalosome. Finally, 

we optimized the co-immunoprecipitation procedure by varying the time of lysate-bead 

incubation (2 hours or overnight) and assessed the necessity of pre-clearing the lysate with 

flow cytometry beads to prevent nonspecific binding. We found that overnight incubation 

resulted in better detection of protein complexes, whereas pre-clearing was not necessary 

(fig. S5).

Activity-induced changes in protein interaction networks after TCR and CAR stimulation

To quantify acute changes in protein-protein interactions caused by CAR engagement, we 

stimulated four batches of bbζCAR T cells derived from the same donor with anti-CD3– 

or CD19-expressing K562 cells or with parental K562 cells (Fig. 2A). Weighted correlation 

network analysis(43) (CNA) of interaction intensity matrices identifies ”modules” of protein 

complexes that change in unison across multiple samples and experiments. Previous work 

demonstrated that interaction modules correlate with experimental stimuli more robustly 

than do individual interactions because groups of interactions changing in unison are 

less stochastic than any single interaction(44, 45). CNA identified a TCR Stimulation 

module whose behavior correlated with CD3 stimulation [correlation coefficient (CC) = 

0.92] and also correlated to a lesser degree with CD3 and CD19 stimulation (CC=0.74) 

(Fig. 2B). The module contained 17 interactions that were also significantly different 

between unstimulated and anti-CD3–stimulated cells by a second, independent statistical 

test, “adaptive nonparametric test corrected for multiple comparisons” (ANC), which was 

designed specifically for QMI data (Fig. 2C) (20). The individual interaction that best 
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correlated with the eigenvector of the TCR Stimulation module was LCK_ZAP70 (Fig. 

2D), which indicated activation of the CD3ζ-LCK-ZAP70 cascade that is typical of 

TCR signaling. Increased PI3K_LAT (Fig. 2E) and SLP76_LAT indicated that ZAP70 

activation initiated the formation of a LAT-mediated signaling complex. In previous 

studies, PI3K_LAT was the complex most increased in abundance after pMHC-dependent 

stimulation of naïve, double-positive mouse thymocytes14. Furthermore, TRAF2_TRAF2, 

TAK1_TAK1, and TNIK_TNIK were also increased in abundance. Because proteins are 

unlikely to be synthesized de novo in 5 min, this increase in QMI detection may indicate 

changes in homo-oligomerization or in the accessibility of antibody epitopes and is 

suggestive of conformational changes in TRAF signaling complexes downstream of TCR-

CD3 stimulation. Protein-protein interactions that significantly changed were represented by 

node-edge diagrams for CAR and mock T cells (Fig. 2, F and G). Although not identical 

due to biological noise and the stringency of the statistical analysis, these diagrams were 

consistent between CAR and mock T cells, indicating that CAR expression did not alter 

TCR-mediated signaling.

After CAR stimulation, three interactions in the “TCR Stimulation” module, LCK_CD3ζ, 

LCK_ZAP70, and PI3K_LAT, were significantly increased, demonstrating partial, although 

considerably weaker, activation of ZAP70-to-LAT signaling downstream of CAR ligation 

(Fig. 2, D and E). In addition, we identified a second module, which correlated with 

CAR expression (CC = 0.92), and, to a lesser extent, with CAR stimulation (CC = 0.56). 

The interaction whose behavior most strongly correlated with the behavior of this “CAR” 

module, CAR_CD3ζ, was strongly detected in unstimulated CARs, and was significantly 

reduced after stimulation (Fig. 2H). Note that the CD3ζ probe antibody detects a portion 

of CD3ζ that is included in the CAR construct(46), so this interaction may measure 

immunoprecipitation or multimerization of the CAR itself, or an interaction between the 

CAR and a native CD3ζ component, such as the CD3ζ “p21” protein that co-associates with 

second-generation CARs(47). CAR_ZAP70 (Fig. 2I), CAR_TRAF1, and TRAF1_CD3ζ 
increased after CAR ligation, and the abundances of TRAF2_TRAF2 and TAK1_TAK1 

decreased, indicative of changes to their multimerization, binding partners, or antibody 

accessibility.

As with the MS data, we were surprised by the relatively weak activation of TCR signaling 

pathways by the CAR. To confirm that this weaker formation of protein complexes 

correlated with reduced phosphorylation of downstream targets, we performed Western 

blotting analysis to compare the total and phosphorylated amounts of ZAP70 (pTyr319), 

LAT (pTyr220), and PLC-γ1 (pTyr783). Whereas CD3 stimulation resulted in statistically 

significant increases in all phosphorylation ratios, CD19 stimulation produced only small, 

nonsignificant changes (fig. S6), consistent with a previously published comparison of 

CD3 and BBζCAR stimulation(15). Overall, these data indicate the rapid formation of a 

CAR-ZAP70 signaling complex, which activates TCR-signalosome components to a lesser 

degree than does TCR-mediated signaling, and the simultaneous engagement of a TRAF 

signaling complex that is unique to the CAR.
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Reconciling inconsistencies in the QMI and MS datasets

We expected interactions such as CAR_LCK or CAR_CD3 to increase, not decrease, after 

CD19 ligation, because signalosome activation is thought to involve the assembly of protein 

complexes. However, QMI queries protein complexes in the native state, so an apparent 

reduction in the extent of an interaction may reflect a true reduction in the measured 

co-association or an inability of a probe antibody to bind to a target decorated with activity-

dependent interactions or ubiquitin chains. It may also reflect the CAR irreversibly binding 

to fixed target cells and being excluded from the soluble lysate. To discount this latter 

possibility, we repeated the experiment with unfixed target cells. Similarly to its response to 

fixed targets, the CAR showed increased apparent co-association with TRAF1 and ZAP70, 

but decreased co-association with CD3ζ, LCK, and TRAF2. PI3K_LAT was increased, 

whereas other CD3-responsive interactions were not significantly changed (fig. S7). We also 

performed coimmunoprecipitation Western blotting analysis of the CAR before and after 

stimulation with fixed targets and found equal amounts of CAR in the immunoprecipitates 

(fig. S8), suggesting a conformational explanation for the apparent reduction in CAR_CD3ζ. 

When Western blotting enabled detection of coimmunoprecipitated TRAF2 (which did not 

occur in all experiments), we found an increase in the amount of TRAF2 co-associated with 

the CAR (fig. S8A), consistent with the MS data (Fig. 1) and previous reports(48). These 

data reveal a consistent pattern of changes in CAR co-associations in experiments with fixed 

and unfixed targets and discount the hypothesis that the activated CAR is depleted from the 

lysate by binding to fixed targets.

Another potential caveat of coimmunoprecipitation experiments is that the interactions may 

form after lysis and may include proteins derived from the APCs. Isotope-labeled MS 

analysis showed that TRAF1, ZAP70, and PKCθ were 100% T cell–derived, whereas up to 

66% of TRAF2 was APC-derived (table S1). To confirm that the observed CAR interactions 

occurred in T cells, we performed an APC-free platebound stimulation experiment (fig. 

S9). In response to anti-CD3/28, significant changes were observed in a “TCR stimulation” 

module in both mock-transduced and CAR T cells (fig. S9C), including PI3K_LAT (fig. 

S9E) and interactions containing GRAP2 and SLP-76, consistent with the formation 

of a TCR signalosome(20). Interactions in the “CAR” module (fig. S9D) included the 

complexes CAR_TRAF2, CAR_PKCΦ, CAR_ZAP70, and CAR_CD28, indicating that 

these complexes were present in the absence of APCs. However, interactions did not change 

significantly in the context of stimulation with plate-bound CD19, consistent with the lack 

of IL-2 expression, indicating that stimulation with plate-bound CD19 was unproductive 

(fig. S9H). These data support a model in which, after CD19 engagement, recruited protein 

complexes or ubiquitination events sterically hinder QMI probe antibodies, resulting in 

paradoxically reduced complex detection by QMI.

Effects of scFv on bbζCAR signaling complexes

Differences in the behaviors of CARs targeted to different antigens are well-established, 

and can be due to differences in tonic activation, the size or abundance of the protein 

target, or small differences in CAR design(49). In addition, batch-to-batch variations 

inherent to the manufacturing process may contribute to variable clinical responses(50). 

To quantify similarities and differences in CAR signaling due to batch vs. scFv target, 
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we generated four batches of CAR T cells from a single donor, two with an anti-CD19 

scFv and two with an anti-EGFR“806” scFv(51), identical in structure except for the 

specificity-determining scFv. Cells were stimulated through the CAR with fixed K562 cells 

expressing CD19 or EGFR, and parental K562 cells were used as a control. Hierarchical 

clustering of the data matrices showed samples clustering first by stimulation, then by 

CAR type (anti-CD19 vs. anti-EGFR), and finally by batch (Fig. 3A). CNA identified 

two modules that correlated with CAR stimulation: a “TCR-like” module (CC = 0.62, 

p = 4×10−4) and a “CAR” module (CC= −0.64, p = 1×10−4) (Fig. 3B). The interaction 

most highly correlated with the behavior of the “TCR-like” module was PI3K_LAT 

(Fig. 3, C and D), followed by SLP76_LAT, indicating consistent formation of the LAT 

signalosome after CAR engagement. CAR_ZAP70 (increased, Fig. 3E), CAR_PKCΦ 
(decreased, Fig. 3F), and CAR_SHP2 were also members of the “TCR stimulation” 

module, suggesting that these interactions contribute to the formation of a TCR-like 

signalosome downstream of CAR ligation. The apparent abundance of CAR module 

interactions, including BIRC3_BIRC3 (Fig. 3G), TRAF1_BIRC3, and CAR_TRAF2 (Fig. 

3H), decreased upon bbζCAR engagement, indicative of a rearrangement of TRAF signaling 

components that contribute to the orchestration of bbζCAR signaling, as discussed earlier. 

These data define a core set of protein complexes, organized into two modules, that mediate 

bbζCAR signaling in different CAR constructs (Fig. 3J).

Whereas we were able to detect interactions that changed in all batches, there were also 

clear differences in the extents of interactions between the four batches of CAR T cells 

due to first target type, then manufacturing run. Uncontrollable differences between CAR 

production batches may contribute to clinical CAR performance, one indicator of which 

was IL-2 secretion after overnight incubation with target cells. The average amount of 

IL-2 secreted by each batch (measured for each experimental replicate and then averaged) 

correlated with the average MFI of CAR_ZAP70 after CD19 exposure (Fig. 3I), with 

the batches showing the strongest signalosome activation also showing the greatest IL-2 

production. These data suggest that batch-specific signalosome activation may predict batch-

specific CAR performance and prompted us to explore this relationship among different 

donors.

Donor-dependent differences in CAR signaling predict IL-2 production

All of the previous experiments were performed with CAR T cells manufactured from single 

donors to eliminate genotype-dependent variations. To investigate individual variations, we 

made four batches of anti-CD19 bbζCAR from four donors and stimulated them with fixed 

K562 target cells expressing anti-CD3 or CD19. CNA again identified a TCR-like module 

that correlated with both anti-CD3 stimulation (CC = −0.91, p = 9 × 10−9) and CD3 or 

CD19 stimulation (CC = −0.73, p = 6 × 10−5), and a CAR module that correlated with 

CAR expression (CC = 0.82, p = 7 × 10−7) (Fig. 4, A and B). The TCR module contained 

interactions representing the TCR complex, including TCR_CD3ζ (Fig. 4C), which was not 

detected in experiments in which cells were lysed in NP-40 (Fig. 2 and fig. S3), as well as 

PI3K_SLP76 and PI3K_LAT (Fig. 4D), representing TCR signalosome formation. The CAR 

module contained CAR- and TRAF-containing interacting partners, including CAR_ZAP70 

and CAR_TRAF2 (Fig. 4, E and F), which was reduced in its apparent abundance after 
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CAR stimulation. The intensity of CAR_ZAP70 (Fig. 4G) correlated with IL-2 secretion 

measured in overnight cultures, again indicating that signalosome formation may predict in 

vitro performance. Node-edge diagrams illustrated similar signalosome formation in mock 

and CAR T cells downstream of CD3 stimulation (Fig. 4, H to J), which shared PI3K-LAT-

SLP76 signalosome components with CAR stimulation (Fig. 4I). These data demonstrate 

that signalosome formation downstream of TCR and CAR is qualitatively similar, but 

quantitatively different among different donors. These intensity differences correlated with a 

functional readout of CAR activity.

Discussion

Activity-dependent protein-protein interactions are the key mediators of intracellular 

signaling events but are difficult to identify and monitor at scale. We used MS and QMI 

to detect two modules of coordinated protein-protein interactions that changed their pattern 

of co-associations after CAR activation: a TCR-like module and a CAR-TRAF module (Fig 

5). TCR activation is initiated by the kinase LCK, some of which is bound to a CXCP 

motif on the coreceptors CD4 or CD8a(11) and brought into physical proximity with the 

TCR when these coreceptors interact with pMHC. Free, membrane-tethered LCK, not bound 

to coreceptor, may also play a role in basal TCR phosphorylation and activation(52), as 

may LCK bound to the TCR through an interaction involving the CD3ε basic residue rich 

sequence (BRS) motif(53). The CAR does not engage CD4 or CD8, nor does it contain a 

CD3ε motif, so the origin of activating LCK is assumed to be the free LCK pool, which 

has increased kinase activity than that of the bound pool(52) but may not form a stable 

protein complex with the CAR. Irrespective of the source of LCK, the next step in both TCR 

and CAR activation is the recruitment of ZAP70 to LCK-phosphorylated ITAMs and its 

subsequent phosphorylation by LCK, leading to ZAP70 activation. In the TCR system, LCK 

binds simultaneously to TCR-bound, activated ZAP70 and to the scaffolding adaptor protein 

LAT, increasing the efficiency of the signaling cascade(54). Phosphorylated LAT assembles 

a signalosome consisting of GRAP2, SLP-76, PLC-γ1, PI3K, and many other signaling 

molecules to collectively amplify TCR signals and initiate calcium (Ca2+) signaling, MAPK 

activation, and actin polymerization(11). Consistent with this model, after stimulation of 

the TCR with OKT3, QMI detected the increased abundances of CD3_LCK, LCK_ZAP70, 

LAT_SLP76, PI3K_LAT, SLP76_PLCg, and others in both CAR and mock T cells. After 

CAR stimulation, PI3K_LAT and SLP76_LAT were detected, but their magnitude of 

activation was lower compared to that after TCR stimulation, and the other interactions 

were not detected. Indeed, there were few other canonical TCR-associated proteins that 

associated with the CAR after stimulation. Moreover, phosphorylated proteins that increased 

in abundance after TCR stimulation did not increase after CAR stimulation, and “T cell 

signaling” was not an enriched GO or KEGG pathway in the MS data. These data are 

consistent with previous studies of CAR T cells showing less efficient LCK engagement and 

ZAP70 mobility(14) and less ZAP70-mediated phosphorylation of downstream adaptors, 

such as PLC-γ and LAT(16). The QMI assay can acutely measure this inefficient, TCR-

associated signalosome formation after CAR activation, offering a platform to monitor CAR 

performance and screen for improved CAR designs.
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A second signaling module identified by MS and QMI encompasses TRAF signaling, 

consisting of TRAF1/2/D1, BIRC2/3, and TAB1/2. TRAF signaling mediates endogenous 

4–1BB signaling, and the importance of TRAF1(18) and TRAF2(48), which lead to both 

canonical and noncanonical NF-κB activation(19) downstream of bbζCAR activation, 

has been established. By QMI, CAR_TRAF2 and multiple TRAF-containing interactions 

appeared to be reduced by CAR stimulation, but IP-MS and IP-Western blots performed 

by us and others(48) showed increases in the amount of CAR_TRAF2. This discrepancy 

may highlight a known caveat of probing protein complexes in the native state: antibody 

accessibility may be reduced as signaling complexes form. Together, our data support a 

model (Fig. 5) in which, before CAR ligation, CARs are associated with trimers consisting 

largely of TRAF2. After CAR activation, the ratio of TRAF1/2 bound to the CAR changed, 

and although the absolute amount of TRAF2 co-associated with the CAR increased (as 

assessed by Western blotting and MS analyses), the accessibility of QMI probe antibodies 

to bind TRAF2 decreased. Because the QMI probe antibody binds to the TRAF2 zinc-finger 

domain adjacent to the RING domain, which is the site of binding-partner recruitment 

and ubiquitin conjugation after TRAF activation(55, 56), these data are consistent with 

an activation event. Because the ratio of TRAF1 to TRAF2 found in the T cell can alter 

the binding affinity of effector molecules such as BIRC3(57), future studies of TRAF 

abundance in CAR T cell products, including autoimmunity-associated SNPs that affect 

TRAF1 abundance, seem warranted.

Many open questions remain about how CAR binding to CD19 may stimulate TRAF 

signaling, particularly because TRAF2 is predominantly a trimer at physiological 

concentrations(58), and natural TRAF ligands are trimeric (17, 56), whereas the BBζ CAR 

is a dimer in vivo and does not have an obvious trimerization mechanism. TRAF2 binds to 

a linear, 10-amino-acid consensus sequence (P/S/A/T)X(Q/E)E(59), and the CAR construct 

contains two copies of this sequence. The sites are too close to each other to enable 

simultaneous binding of two TRAF molecules to a single CAR(59), but having two sites 

per CAR (and four sites per CAR dimer) may overcome the relatively weak affinity of 

the interaction (~30 to 60 μM) by increasing its avidity(60). TRAFs are thought to form 

a hexagonal lattice structure both at rest and after stimulation, with trimers at each vertex 

connected by dimeric linkages of TRAF2 N-terminal RING domains or of bound BIRC2/3 

(17, 56). Perhaps the dimeric CAR can similarly serve as a linker to induce or stabilize 

the lattice, but the mechanism through which the binding of CD19 to the scFv of the 

CAR is transmitted to the TRAF system remains unclear. Future work to reconcile whether 

this structure serves to amplify CAR signaling by acting as a scaffold or to reduce tonic 

signaling by spacing CAR dimers apart on the membrane is needed to provide structural 

insights into the mechanisms of BB costimulation.

The third major signaling component identified by MS was cytoskeletal motility; proteins 

linked to early endocytic vesicle formation (FLOT1/2), microtubule spindle formation 

(KIFs, MYO), and T cell migration in response to stimulation (DOCK8) were identified. 

Activated CARs form nonclassical immune synapses(61), but, unlike TCRs, they do not 

rely on LAT to cluster(62). Perhaps the ability of a CAR to engage cytoskeletal elements 

enables it to bypass LAT and form nonclassical immune synapses. Alternatively, these 
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data could reflect the sequestration of activated CARs into endosomal compartments for 

degradation(48).

Other signaling molecules were also identified by MS or QMI that do not fit cleanly into 

either the TCR or TRAF modules. PKCβ (identified by MS) and PKCθ (identified by MS 

and QMI) are both members of the PKC family and are activated by DAG and Ca2+. PCKθ 
plays a major role in NF-κB activation during T cell activation(11), and PCKβ directly 

phosphorylates CARD11/CARMA1, promoting the recruitment of the BCL-10/MALT1 

complex and TAK1 to activate NF-κB(63). UBASH3A interacts with CBL-B, CD3ζ and 

ZAP70 in stimulated T cells(24) and may contribute to CAR endocytosis and degradation 

after activation. Finally, the phosphatase SHP2, which was already a member of the QMI 

TCR panel(20), associated with the CAR, an interaction that was reduced after stimulation. 

A complex containing Themis and SHP1 co-associates with bbζCARs with a requirement 

for a 10-amino acid region that overlaps with one of two TRAF2-binding sites(64), and 

SHP2 may bind in a similar manner. Although the specific interactors we identified require 

further investigation, it is striking that the CAR signaling network is reminiscent of a 

human T cell signaling network based on a nonbiased CRISPR screen, which identified both 

classical TCR signaling molecules and NF-κB pathway regulators as being critical to T cell 

signaling(35).

Whereas we sought to define a bbζCAR signalosome common to all bbζCARs, we observed 

moderate batch- and CAR-dependent variability. This variability has important clinical 

implications, because batch-to-batch differences in efficacy and toxicity profiles complicate 

treatment outcomes. We found that CAR_ZAP70 activation at 5 min corelated with the 

amount of IL-2 produced in an overnight assay, which confirms that signalosome activation 

affects functional outcomes. More complex clinical outcomes, such as CAR persistence or 

survival, could potentially also correlate with signalosome measures unique to each batch. 

For example, differing ratios of the abundance of TRAF1 to TRAF2, the former of which is 

only expressed after T cell activation(65), could affect CAR performance. SNPs in TRAF1 
affect the amount of TRAF1 production and contribute to the risk of rheumatic disease(40), 

and the abundance of TRAF1 can influence the activation of canonical vs. noncanonical 

NF-κB activation downstream of 4–1BB stimulation(66). Multiplexed measurement of 

protein signaling networks in CAR T cells combined with detailed analysis of patient 

outcomes could enable the identification of protein network features that predict an optimal 

outcome and facilitate the rational design of CAR features or the engineering of intracellular 

environments that lead to optimal functional performance.

Materials and Methods

Cell culture

CAR T cells and MOCK T cells were prepared using an 8- to 12-day expansion 

protocol adapted from clinical production practices. Peripheral blood mononuclear cells 

(PBMCs) were harvested from Leukocyte Reduction System (LRS) Cones provided by 

STEMCELL Technologies and cryopreserved. Cells were thawed into XVIVO medium 

(Lonza) supplemented with IL-2 (4.6 ng/ml), IL-7 (5 ng/ml), IL-15 (0.5 ng/ml), and IL-21 

(1 ng/ml; Miltenyi Biotec) at a density of 1 × 106 cells/ml and activated with Human 

Ritmeester-Loy et al. Page 12

Sci Signal. Author manuscript; available in PMC 2024 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



T-Activator CD3/CD28 Dynabeads (ThermoFisher). On day 1, cells were concentrated 

to a density of 4 × 106/ml and then either transduced with lentiviral vectors encoding 

CAR constructs at an MOI of 2 with protamine sulfate (25 μg/ml, Sigma-Aldrich) or 

vector-less medium with protamine sulfate (25 μg/ml). Twenty-four hours later, the cells 

were moved to GREX 24-well plates (Wilson Wolf) for further expansion at 1 × 106/ml 

in XVIVO medium with cytokines until Dynabeads were removed by magnet on day 7. 

Cells were propagated until they were harvested on days 8 to 12. Human Jurkat cells 

(ATCC clone E6–1, #TIB-152), CARKats (Jurkat cells stably transduced with CD19CAR-

encoding virus), parental Human K562 cells (ATCC #CCL-243), and K562s expressing 

either CD19 or OKT3 were cultivated in 10% heat-inactivated FBS, 1% glutaraldehyde, 1% 

penicillin-streptomycin, 1% Hepes, and RPMI 1640 in 175-ml non-TC treated flasks. For 

heavy isotope–labeling of K562 cells, cells were labeled with heavy Lysine and Arginine 

with a SILAC protein quantitation kit (ThermoFisher Cat # 1863109) according to the 

manufacturer’s instructions, and labeling was confirmed by MS.

Target cell fixation

APCs for the stimulation of primary cells were washed twice in ice-cold PBS and then fixed 

for 30 s in 4 ml of PBS with 0.1% glutaraldehyde (Sigma) on ice. This was immediately 

followed by quenching with 16 ml of 200 mM glycine. Cells were washed twice more in 

ice-cold PBS, counted, and mixed with CAR T cells for stimulation.

Cell stimulation

For plate-bound activation of cells, CD19 recombinant protein (R&D Systems) or anti-

CD3 (clone OKT3, Biolegend) with anti-CD28 (clone CD28.2 Biolegend) antibodies were 

annealed to the wells of 6-well TC coated plates overnight with PBS added to the wells as 

a control. CAR or Mock T cells (3 × 106 cells) were washed twice in ice-cold PBS, added 

to plates, and then subjected to a 1-min centrifugation at 300g to bring the cells into contact 

with the plate-bound protein. Plates were placed in a 37°C water bath for 5 min, which was 

followed by immediate lysis in 1% digitonin lysis buffer on ice. For activation involving 

K562 cell targets, CAR T and target cells (fixed or unfixed) were washed twice in ice-cold 

PBS and then combined at a 1:1 ratio and mixed. Cells were spun at 300g for 5 min at 

4°C, the PBS was removed, and the pellet was agitated by wash-boarding the tube across an 

uneven surface. Cell pellets were stimulated by immersing the tubes in a 37°C water bath 

for 5 min, which was followed freezing in liquid nitrogen. Cell pellets were stored at −80°C 

until required for further processing.

Cell lysis

Frozen cell pellets were resuspended in 250 to 500 μl of lysis buffer [1% Digitonin or 

NP-40, 1x phosphatase inhibitor cocktail (Sigma), 1x protease inhibitor cocktail (Sigma), 

1 mM sodium orthovanadate (Sigma) and 1 mM sodium fluoride (Sigma) in 50 mM 

Tris, 150 mM NaCl, (pH 7.4)]. Lysates were incubated on ice for 15 min and then 

centrifuged at 13,000g for 10 min at 4°C. Supernatants were harvested and used for the 

immunoprecipitation of protein targets.
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Coimmunoprecipitation for MS

Cryopreserved CAR T cells produced from heathy donors in the Seattle Children’s 

GMP production facility were thawed and cultured overnight in XVIVO medium (Lonza) 

supplemented with IL-2 (4.6 ng/ml), IL-7 (5 ng/ml), IL-15 (0.5 ng/ml), and IL-21 (1 ng/ml). 

For the first experiment, on the following day, the cells were mixed 1:1 with fixed target 

cells (as described earlier) and either warmed for 5 min at 37°C to enable signaling to 

proceed or maintained on ice to control for scFv-CD19 binding without signaling. For the 

second experiment, on the following day, the cells were maintained at 37°C while they 

were mixed 1:1 with fixed, heavy isotope–labeled K562 parental cells or K562-CD19 cells, 

and then incubated at 37°C for 5 min before undergoing lysis in 1% NP-40 lysis buffer. 

Protein G magnetic beads (NEB) were incubated with anti-2A (experiment 1, clone 3H4, 

Novus) or anti-FM63 (experiment 2, clone REA1298, Miltenyi biotech) for 40 min at 

room temperature with agitation, which was followed by cross-linking of antibody to the 

beads by incubation in 25 mM DMP for 45 min with agitation at room temperature. The 

cross-linking reaction was quenched with 50 mM Tris-HCl. Cell lysates were incubated 

overnight with antibody–protein G beads, washed twice in lysis buffer, washed twice in lysis 

buffer without detergent, and proteins were eluted in 200 mM glycine (pH 2) (experiment 

1) or eluted by on-bead trypsin digestion (experiment 2). For experiment 1, eluted proteins 

were precipitated with methanol-chloroform, and the pellets were sent for processing and 

MS analysis.

Coimmunoprecipitation for Western blotting

Protein G beads covalently bound and cross-linked to 2A antibodies for 

coimmunoprecipitations to be analyzed by Western blotting were prepared according to 

MS sample preparation with the addition of a final elution of excess uncrosslinked antibody 

with 200 mM glycine (pH 2). Eluted proteins were precipitated in acetone. Additionally, 

immunoprecipitations for Western blotting analysis were performed on cell lysates derived 

from APCs mixed with CAR and Mock Transduced primary T cells from LRS Cones 

(STEMCELL).

MS analysis

Protein pellets were resuspended in 20 μl of 8 M urea in 100 mM ammonium bicarbonate 

and vortexed thoroughly. Protein disulfide bonds were reduced by the addition of tris (2-

carboxyethyl) phosphine (TCEP) to a final concentration of 20 mM and incubated at room 

temperature for 20 min. Cysteines were alkylated by the addition of 2-chloroacetamide to 

a final concentration of 20 mM and incubation at room temperature for 30 min. Proteolytic 

digestion was initiated by the addition of 250 ng of endoproteinase Lys-C (Promega) 

and incubation at room temperature for 2 hours. The proteolytic digestion was continued 

by the addition of 500 ng of trypsin (Promega) and incubation overnight at 37°C with 

gentle shaking. Digestions were stopped by the addition of trifluoroacetic acid (TFA) to 

a final concentration of 0.1%. The resulting peptide samples were desalted on a C18 

Ultra-micro Spin Column (Harvard Apparatus) using 70% acetonitrile in 0.1% TFA and 

taken to dryness by vacuum centrifugation. Dried samples were brought up in 20 μl of 

2% acetonitrile in 0.1% formic acid, and 5 μl was analyzed by LC/ESI MS/MS with a 
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ThermoFisher Scientific Easy1000 nLC coupled to an Orbitrap Fusion mass spectrometer. 

In-line de-salting was accomplished with a reversed-phase trap column (100 μm × 20 mm) 

packed with Magic C18AQ (5-μm, 200Å resin; Michrom Bioresources), followed by peptide 

separations on a reversed-phase column (75 μm × 270 mm) packed with ReproSil-Pur 

C18AQ (3-μm, 120Å resin; Dr. Maisch) directly mounted on the electrospray ion source. 

Chromatographic separation was performed by adjusting the elution gradient from 5 to 28% 

B (80% acetonitrile with 20% water and 0.1% formic acid) for 90 min, 28 to 50% B for 10 

min, holding at 50% B for 3 min, 50 to 95% B for 2 min, and holding at 95% B for 1 min. 

A flow rate of 300 nl/min was used for chromatographic separations and the temperature 

of the chromatographic column was maintained at 40°C. A spray voltage of 2200 V was 

applied to the electrospray tip while the Orbitrap Eclipse instrument was operated in the 

data-dependent mode. MS survey scans were in the Orbitrap (AGC target value: 5E5; 

resolution: 120,000; and max injection time: 50 ms) using a scan range of 400 to 1500 m/z 

and a 3-s cycle time. MS/MS spectra were acquired in the linear ion trap (AGC target value: 

1 × 104; rapid scan rate; and max injection time: 45 ms) with an isolation window of 1.6 

and using higher-energy, collision-induced dissociation (HCD) activation with a collision 

energy of 27%. The dynamic exclusion duration was set to 20 s. Protein database searching 

and label-free quantification (LFQ) were performed with ThermoFisher Scientific Proteome 

Discoverer v2.4. The data were searched against a Uniprot human database (UP000005640; 

downloaded 12/01/2019) that included common contaminants (cRAP; Global Proteome 

Machine). Search settings included the proteolytic enzyme set to trypsin, maximum missed 

cleavages set to 2, precursor ion tolerance set to 10 ppm, and the fragment ion tolerance 

set to 0.6 Da. Dynamic modifications were set to oxidation on methionine (+15.995 Da), 

phosphorylation on serine and threonine (+79.966), acetylation of the protein N terminus 

(+42.011 Da), methionine loss at the protein N terminus (−131.040 Da), and methionine 

loss and acetylation of the protein N terminus (−89.030 Da). A static modification of 

carbamidomethylation of cysteine (+57.021 Da) was used. Sequest HT was used for protein 

database searching, and Percolator was used for peptide validation. Peptide to spectrum 

matches (PSMs) were filtered to a 1% FDR, and the resulting proteins were further filtered 

to a 1% FDR. LFQ analysis was performed with the Precursor Ion Quantifier node using the 

default settings. Normalization was performed with the total peptide amount setting.

Screening QMI antibodies with IP-FCM

This procedure was performed as described previously(67). CML Beads (CML Latex 

Microspheres) were activated with EDAC [1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

HCL] and then coupled to 50 μl of antibody at 0.5 mg/ml for 2 hours at room temperature 

with agitation at 1400 rpm. Probe antibodies were biotinylated at a 50-fold molar excess 

with EZ-link Sulfo-NHS-Biotin (Thermo). Coupled CML beads were added to the lysates 

of frozen cell pellets at equal bead to protein quantity ratios across conditions and then 

incubated at 4°C overnight with rotation. Beads and any bound protein complexes were 

then washed three times in Fly-P buffer [100 mM NaCl, 50 mM Tris, 1% bovine serum 

albumin, 0.01% sodium zzide, (pH 7.4)] before being distributed across a 96-well plate 

twice for every biotinylated probe antibody to be used. Probes were then added at a final 

concentration of 2.5 μg/ml, and the plate was incubated with agitation at 600 rpm for 1 

hour at 4°C. The samples were then washed twice in Fly-P buffer, which was followed 
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by incubation in streptavidin-phycoerythrin (PE, 10 μg/ml, Biolegend) for 30 min. After 

three washes in Fly-P buffer, the CML beads were analyzed for PE fluorescence on a flow 

cytometer (Novocyte). Data consisted of MFI values and bead distributions.

QMI

QMI experiments were performed as described previously(20, 34). All experiments 

and procedures were performed at 4°C or on ice, starting with the preparation of a 

master mix of an equal number of each antibody-coupled Luminex bead used for the 

immunoprecipitations. Equal amounts of bead master mix were distributed to cell lysates, 

whose protein concentrations were normalized by BCA assay. Immunoprecipitations of 

protein complexes were performed overnight with rotation, and then samples were washed 

twice in Fly-P buffer and beads were distributed across a 96-well plate at two wells per 

detection antibody. Biotinylated or PE-conjugated detection antibodies diluted to a final 

concentration of 2.5 μg/ml were added to the plate for 1 hour with shaking at 600 rpm. 

Details about immunoprecipitating and detection antibodies can be found in table S2. After 

three washes in Fly-P buffer with the Bio-Plex Pro II magnetic plate washer, microbeads and 

captured protein complexes stained with detection antibody were incubated in streptavidin-

PE or Fly-P buffer for 30 min, then washed again as described earlier and resuspended in 

120 μl of Fly-P buffer. Fluorescence was analyzed and data acquired through a customized, 

refrigerated Bio-Plex 200 using Bio-plex Manager software (v.6.2). XML formatted data 

files were exported for further analysis.

QMI data analysis

A detailed video protocol and source code for QMI data analysis were previously 

published(34), including statistical code run in MatLab (ANC) or R (CNA). Briefly, for 

CNA, data were normalized with the ComBAT function(68). Interactions were organized 

into modules based on correlated behavior across experimental conditions and replicates 

with the WGCNA package(43), and modules were then correlated with experimental 

variables. Interactions that were significantly (P < 0.05) and strongly (module membership 

< 0.7) correlated to a module that was itself significantly correlated to an experimental 

variable were considered “CNA-significant.” Modules that correlated with CD3 stimulation 

and contained PI3K_LAT were renamed “TCR simulation,” and modules that correlated 

with CAR abundance and contained CAR-containing interactions were renamed “CAR,” 

to highlight the fact that whereas the specific interactions that constituted each module 

varied by experiment, the same overall patterns were observed between experiments, similar 

to previous reports about RNA abundance(69). Meanwhile, for ANC statistical testing 

(Adaptive, Nonparametric test Corrected for multiple comparisons), individual interactions 

were compared for each experimental N between the stimulated group and the control 

group by nonparametric Kolomogrov-Schmirnov statistics corrected to maintain a type 1 

error rate of 0.05 and corrected for multiple comparisons by Bonferroni correction. For the 

equations, see the study by Smith et al. (20). Only interactions that were deemed significant 

by both ANC and CNA are displayed in the heatmaps and node-edge diagrams, which were 

generated in R and Cytoscape, respectively.
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Western blotting

All Western blotting experiments consisted of proteins denatured in SDS sample buffer (4x, 

Bio-rad) with 10% (v/v) beta-mercaptoethanol and loaded onto 10% acrylamide gels. Gels 

were transferred onto polyvinylidene difluoride (Millipore) membranes and then blocked in 

4% milk TBST [0.05 M Tris, 0.15 M NaCl, (pH 7.2), 0.1% (v/v) Tween-20] for 60 min at 

room temperature with gentle rocking. Primary antibodies were applied overnight at 4°C in 

4% milk. The following primary antibodies were used, all at a 1:1000 volumetric dilution: 

anti-2A (3H4, Novus), anti-TRAF2 (F-2, Santa Cruz), anti-ZAP70 (D9H10, Novus), anti-

TAK1 (28H25L68, Thermo), anti-phospho-ZAP70 (65E4, Cell Signaling), anti-phospho-

LAT (cat# 3584 Cell Signaling), anti-LAT (Clone 661002, Cell Signaling), anti-phospho-

PLCγ1 (D25A9, Cell Signaling), and anti-PLCγ1 (D9H10, Cell Signaling). Blots were 

incubated with species-specific, horseradish peroxidase (HRP)–conjugated antibodies and 

then imaged with SuperSignal West Femto substrate (Thermofisher) on a Protein Simple 

imaging system.

IL-2 ELISA cytokine release assay

Effector and target cells were combined at various ratios in XVIVO medium without 

cytokines at a density of 1 × 106 effector cells/ml and incubated overnight at 37°C, 5% CO2 

in 96-well non-TC plates. Cells were then centrifuged at 300g for 5 min and supernatants 

were frozen at −80 C. The IL-2 concentration in the harvested supernatant was then 

analyzed with a Human IL-2 ELISA Max Kit (BioLegend) according to the manufacturer’s 

instructions. All cell effector activations were performed in four separate replicates and 

analyzed as separate samples. A SpectraMax i3x plate reader was used for spectrometry and 

data generation.

Statistical analysis

MS data and QMI data were analyzed as described earlier. For all other data, Prism 

GraphPad software was used to make comparisons between two groups with student’s 

T-tests, comparisons among multiple groups with one-way ANOVA followed by Sidak’s 

multiple-comparison-corrected post-hoc testing, and linear regressions using the simple 

linear regression function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Activity-dependent bbζCAR CAR interactome identified by IP-MS.
(A) Schematic representation of the bbζCAR construct. (B) Domain model of the mature 

CAR. Domain colors correspond to those used in (A). (C) Volcano plot showing all 

of the proteins that were significantly enriched in stimulated vs. unstimulated CARs 

immunoprecipitated with an antibody against the C-terminal 2A tag, with selected proteins 

labeled. Green type indicates TRAF signaling proteins. Data are from 22 samples derived 

from four individuals: three CD8CAR, four CD4CAR, and four mock-transduced T cell 

cultures, each stimulated and unstimulated. (D) Volcano plot showing all of the proteins 

Ritmeester-Loy et al. Page 23

Sci Signal. Author manuscript; available in PMC 2024 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that were significantly enriched in stimulated vs. unstimulated CARs immunoprecipitated 

with an antibody against the N-terminal scFv domain, with selected proteins labeled. Green 

type indicates TRAF signaling proteins. Dot color indicates the cellular origin of the 

protein as determined by isotopic labeling; APC-derived proteins are not shown. Data are 

from 16 total samples from four individuals: 4 CD4CAR stimulated samples, 4 CD4CAR 

unstimulated samples, and IgG immunoprecipitation controls for each. (E) Known protein-

protein interactions among the proteins identified in (C) and (D). Node color indicates the 

protein family, as indicated in the key, and thick outlines indicate proteins identified in both 

independent experiments. Red edges indicate known interactions with 4–1BB, blue edges 

indicate known interactions with CD3ζ, and bold edges indicate interactions among proteins 

identified in both experiments. Note that proteins that were identified in only one of the two 

experiments and have no database-documented interactions are not shown.
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Fig. 2. Activity-dependent bbζCAR protein-protein interactions identified by QMI.
(A) Experimental design showing CAR T cell stimulation, NP-40 lysis, and quantitative 

multiplex co-immunoprecipitation (QMI). (B) Module-trait correlation table reports the 

correlation coefficients and p-values (in parentheses) between the eigenvector of each color-

coded CNA module (colored boxes) and a binary description of experimental variables, 

which are listed below the table. Module-trait correlations > 0.7 are highlighted in red 

(positive correlations) whereas those < −0.7 are highlighted in blue (negative correlations). 

(C) Row-normalized heatmap of the median fluorescence intensity (MFI) of protein-protein 
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interactions that significantly changed after CD3 or CD19 stimulation. Interaction color 

indicates membership in the “TCR stimulation” (turquoise) or “CAR” (bIack) CNA 

modules. (D and E) MFI values of (D) LCK_ZAP70 and (E) PI3K_LAT, representative of 

the “TCR stimulation” module, which increased after anti-CD3 stimulation and increased to 

a lesser degree after CD19 stimulation. *P < 0.05 by ANC. (F and G) Node-edge diagrams 

of interactions that changed with anti-CD3 stimulation in (F) mock-transduced or (G) CAR 

T cells. Edges represent a change in the MFI of an interaction between the connected nodes; 

edge color and width indicate the direction and magnitude of the change, respectively. (H 
and I) MFI values of (H) CAR_CD3 and (I) CAR_ZAP70, which are both in the “CAR” 

module. *P < 0.05 by ANC. (J) Interactions that changed with CD19 stimulation in CAR 

T cells. All data are from four experiments performed on cells manufactured from a single 

donor.
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Fig. 3. Consistent bbζCAR signaling despite batch- and target-specific variabilities.
(A to J) Four batches of BBζ CAR T cells, with two different scFv targets, were 

manufactured from a single donor and lysed in digitonin. (A) Hierarchical clustering of 

all detected interactions shows clustering by stimulation, then by CAR type, then batch. 

(B) A module-trait correlation table reports the correlation coefficients and p-values (in 

parentheses) between the eigenvector of each coIor-coded CNA module (colored boxes) 

and a binary description of the experimental variables, which is below the table. Module-

trait correlations > 0.5 are highlighted with red (positive correlations), whereas those 
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correlations < −0.5 are highlighted with blue (negative correlations). (C) Row-normalized 

heatmap of ANCՈCNA-significant interactions in the turquoise or black modules. (D to H) 

MFI values of (D) PI3K_LAT, (E) CAR_ZAP70, and (F) CAR_PKCΦ, members of the 

turquoise module, and (G) BIRC3_BIRC3 and (H) CAR_TRAF2, members of the black 

module, after CD19 stimulation of mock-transduced or bbζCAR T cells. *P < 0.05 by 

one-way ANOVA followed by Sidak’s multiple comparison test. (I) Correlation between 

the MFI of CAR_ZAP70 and the amount of IL-2 in the culture medium after 18 hours of 

CD19-stimulation of CAR T cells. (J) Node-edge diagram showing interactions that were 

significantly changed (as determined by ANCՈCNA) after bbζCAR target engagement. 

Edges represent a change in the extent of the interaction between the connected nodes; edge 

color and width indicate the direction and magnitude of the change, respectively. Data are 

from 60 biological replicates, with 15 per condition. Only CAR+ cells (N = 15 unstimulated 

and N = 15 stimulated) are represented in (A) to (C) and (J).
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Fig. 4. CAR signalosome dynamics are consistent among donors and correlate with IL-2 
secretion.
(A to J) Four batches of anti-CD19 bbζCARs were produced from four separate donors 

and were lysed in digitonin. (A) A module-trait correlation table reports the correlation 

coefficients and p-values (in parenthesis) between the eigenvector of each color-coded CNA 

module (colored boxes) and a binary description of experimental variables, which is below 

the table. Module-trait correlations >0.6 are highlighted with red (positive correlations), 

whereas those < 0.6 are highlighted with blue (negative correlations). (B) Row-normalized 

heatmap of ANCՈCNA-significant interactions in the “TCR-stim” (turquoise) or “CAR” 

(black) modules. Data are grouped by mock or CAR T cells (indicated by the solid black 

line), then by target type (indicated by the dashed lines); the first column after each 

line represents matched conditions from donor 1, the second donor 2, etc. (C to F) MFI 

values of (C) TCR_CD3ζ and (D) PI3K_LAT, members of the turquoise module, and (E) 
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CAR_ZAP70 and (F) CAR_TRAF2, members of the black module, after CD19 stimulation 

of mock-transduced or bbζCAR T cells. *P < 0.05 by ANC. (G) Correlation between 

the MFI of CAR_ZAP70 and the amount of IL-2 in the culture medium after 18 hours 

of CD19-stimulation of in CAR T cells. Data are from eight individual donors. (H to J) 

Node-edge diagram showing interactions that were significantly changed (as determined by 

ANCՈCNA) after anti-CD3 stimulation in (G) mock-transduced or (H) CAR T cells, or (I) 

CD19 stimulation in CAR T cells. Edges represent a change in the amount of interaction 

between the connected nodes; edge color and width indicate the direction and magnitude 

of the change, respectively. Data are from 24 biological replicates, with four per condition, 

derived from four different, de-identified healthy donors.
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Fig. 5. Modular organization of CAR signaling.
Upon CD19 engagement, the bbζCAR engages two modules (surrounded by dashed boxes), 

one composed of SLP76-LAT-PI3K signaling complexes that mimics TCR signaling, the 

other composed of TRAF signaling complexes that initiates NF-κB signaling.
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