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Abstract

Clinical response to chimeric antigen receptor (CAR) T cell therapy is correlated with CAR T cell 

persistence, especially for CAR T cells that target CD19+ hematologic malignancies. 4-1BB–

costimulated CAR (BBζ) T cells exhibit longer persistence after adoptive transfer than do CD28-

costimulated CAR (28ζ) T cells. 4-1BB signaling improves T cell persistence even in the context 

of 28ζ CAR activation, which indicates distinct prosurvival signals mediated by the 4-1BB 

cytoplasmic domain. To specifically study signal transduction by CARs, we developed a cell-free, 

ligand-based activation and ex vivo culture system for CD19-specific CAR T cells. We observed 

greater ex vivo survival and subsequent expansion of BBζ CAR T cells when compared to 28ζ 
CAR T cells. We showed that only BBζ CARs activated noncanonical nuclear factor κB (ncNF-

κB) signaling in T cells basally and that the anti-CD19 BBζ CAR further enhanced ncNF-κB 

signaling after ligand engagement. Reducing ncNF-κB signaling reduced the expansion and 

survival of anti-CD19 BBζ T cells and was associated with a substantial increase in the abundance 

of the most pro-apoptotic isoforms of Bim. Although our findings do not exclude the importance 

of other signaling differences between BBζ and 28ζ CARs, they demonstrate the necessary and 

PERMISSIONShttp://www.sciencemag.org/help/reprints-and-permissions
*Corresponding author. milone@pennmedicine.upenn.edu.
Author contributions: B.I.P., M.J.M., S.M.A., and M.C.M. designed the experiments. B.I.P. conducted the experiments. R.S.O., 
M.J.M., C.H.J., S.M.A., and M.C.M. provided resources. B.I.P., R.S.O., M.J.M., and M.C.M. performed formal data analysis. B.I.P. 
wrote the manuscript. B.I.P., R.S.O., M.J.M., S.M.A., and M.C.M. edited the manuscript. S.M.A. and M.C.M. supervised all work.

Competing interests: C.H.J. reports receiving commercial research funding from Tmunity Therapeutics and has an ownership interest 
and intellectual property (IP) licensed to Novartis. M.C.M. reports receiving commercial research funding from Novartis and has an 
ownership interest and IP licensed to Cabaletta Bio. The other authors declare that they have no competing interests.

Data and materials availability: All data needed to evaluate the conclusions in the paper are present in the paper or the 
Supplementary Materials. The anti-CD19 idiotype antibody from Novartis requires a material transfer agreement.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/13/625/eaay8248/DC1

HHS Public Access
Author manuscript
Sci Signal. Author manuscript; available in PMC 2021 February 15.

Published in final edited form as:
Sci Signal. ; 13(625): . doi:10.1126/scisignal.aay8248.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.sciencemag.org/help/reprints-and-permissions
http://stke.sciencemag.org/cgi/content/full/13/625/eaay8248/DC1


nonredundant role of ncNF-κB signaling in promoting the survival of BBζ CAR T cells, which 

likely underlies the engraftment persistence observed with this CAR design.

INTRODUCTION

Chimeric antigen receptor (CAR) T cell therapy targeting CD19 has induced complete tumor 

regression in a large percentage of patients suffering from hematologic malignancies, 

especially in children and young adults with acute lymphoblastic leukemia (ALL) (1). 

Event-free survival after CD19-specific CAR T cell therapy is highly correlated with the 

kinetics of T cell expansion (increase in cell number) and the area under the concentration-

time curve (AUC) for the first 28 days after adoptive transfer (2). Although loss of antigen or 

epitope remains the most frequent mechanism of resistance to this therapy (3), relapse 

within the first 6 months is associated with the early loss of CAR T cell engraftment, 

illustrating the importance of persistent T cell engraftment to the success of adoptive cell 

therapy approaches (2, 4, 5).

The persistence of CAR T cells in vivo over time after adoptive transfer is influenced by 

CAR design. CARs are transmembrane proteins consisting of an antibody single-chain 

variable fragment (scFv), a hinge connecting to a transmembrane domain, and one or more 

intracellular signaling domains (6). The most commonly used designs combine the T cell 

receptor (TCR) subunit CD3ζ with the intracellular domain of either of the costimulatory 

molecules, CD28 or 4-1BB. Comparing CAR T cell persistence across human clinical trials 

using 28ζ or BBζ CD19-specific CARs, although fraught with pitfalls due to the other 

differences in the CARs used or in T cell manufacturing (for example, scFv, gene transfer 

vector, or culture conditions), suggests the greater persistence of 4-1BB–costimulated CAR 

T cell engraftment relative to CD28-costimulated CAR T cells (7, 8). This trend is more 

directly substantiated in murine adoptive transfer models, implying that costimulation 

directly affects CAR T cell persistence (9). When exchanged with CD28 costimulation, 

4-1BB costimulation also rescues CAR T cell survival in the context of a basally signaling 

CAR (10), and basally signaling BBζ CAR T cells markedly expand ex vivo (11).

The signaling pathways that lead to the observed differences in CAR T cell persistence 

remain poorly understood. Salter et al. (12) demonstrated that 28ζ CARs drive both 

constitutive and CAR activation–induced proximal signaling through the kinases Lck and 

Zap-70 more potently than do the BBζ CARs. This potent proximal signaling promotes the 

terminal differentiation of 28ζ CAR T cells, which can be reversed by silencing two of the 

immunoreceptor tyrosine-based activation motif (ITAM) domains of the CD3ζ domain (13). 

This reversal suggests that CD28 signaling in the CAR is a dominant mechanism for the 

reduced persistence of these CAR T cells. However, 4-1BB costimulation enhances CAR T 

cell survival and persistence even in the context of the full 28ζ CAR signal (14, 15). This 

enhancement is consistent with the nonoverlapping roles that these costimulatory receptors 

play in normal immunity, especially for CD8+ T cell memory (16-20). Long-term CD8+ T 

cell survival after viral infections is supported by specific tumor necrosis factor receptor 

superfamily (TNFRSF) members, including 4-1BB (21, 22). Unlike CD28, a distinct 

property of these receptors, and one that was specifically observed in one report on murine 
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4-1BB, is the capacity to activate the non-canonical nuclear factor κB (ncNF-κB) pathway 

(23-26). Distinct from the classical NF-κB signaling pathway downstream of TCR and 

CD28 stimulation mediated by the CARMA1 complex and protein kinase Cθ (PKCθ) (23, 

27-29), the ncNF-κB pathway promotes cell survival in numerous contexts, including 

normal lymphoid development under the control of TNFRSF members (30-32), Epstein-Barr 

virus infection (33), and malignancy (34-37).

ncNF-κB signaling is a complex pathway with slower activation kinetics compared with that 

of classical NF-κB signaling. It is initiated by the stabilization of NF-κB–inducing kinase 

(NIK), which is Lys48 (K48)–polyubiquitylated by the E3 ubiquitin ligases cellular 

inhibitors of apoptosis 1 (cIAP1) and 2 (cIAP2) and constitutively degraded by the 

proteasome (38). Upon ligand-dependent TNFRSF trimerization, differential TNF receptor–

associated factor (TRAF) recruitment shifts cIAP1/2-mediated K48 polyubiquitylation from 

NIK to TRAF3, thereby alleviating the continuous proteasomal degradation of NIK. NIK 

accumulates and coordinates a protein complex including inhibitor of NF-κB kinase α 
(IKKα) and the Rel homology domain family members RelB and p100, the latter two of 

which form a heterodimer that is basally sequestered in the cytoplasm. Accumulating NIK 

phosphorylates IKKα, which, in turn, phosphorylates p100, generating a phosphodegron 

that leads to the partial degradation of p100 by the proteasome to form p52. The newly 

formed RelB-p52 heterodimer then translocates to the nucleus where it mediates 

transcriptional control of numerous genes involved in lymphoid development (38) and, in 

cancer cells, synergizes with extracellular signal–regulated kinase (ERK) to suppress genes 

expressing the proapoptotic proteins Bim and Bcl-2-modifying factor (BMF) (fig. S1) (35). 

Similar to 4-1BB signaling, ncNF-κB signaling is also essential for T cell–mediated 

immunity. Memory T cells require ncNF-κB signaling to survive both in mice (39, 40) and 

in humans; the latter requirement was revealed by a deficiency in long-lived memory T cells 

in two patients with biallelic, loss-of-function mutations in NIK (32). Similarly, mice 

deficient in NIK form few persistent memory T cells when challenged with acute 

lymphocytic choriomeningitis virus infection (40). Furthermore, T cell–specific NIK 

knockout mice have substantially fewer circulating memory T cells than their wild-type 

counterparts, suggesting that NIK supports T cell persistence through a cell-intrinsic 

mechanism (39).

On the basis of the importance of ncNF-κB signaling to T cell memory formation and the 

report of activation of this pathway by endogenous 4-1BB in murine T cells, we evaluated 

the activation and role of this pathway in human CAR T cells. We showed that ncNF-κB 

signaling played an essential role in supporting BBζ CAR T cell survival. In addition to 

providing greater insight into the costimulatory mechanisms of the CD28 and 4-1BB 

domains in CARs, the increased understanding of the role of this pathway in human T cells 

offers opportunities to manipulate it more broadly in T cell–based immunotherapies that rely 

upon T cell survival to mediate clinical benefit.
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RESULTS

4-1BB costimulation enhances ex vivo CAR T cell expansion relative to CD28 
costimulation and is associated with improved T cell survival

To study the ex vivo expansion of T cells after stimulation by CD19-specific CARs bearing 

different costimulatory domains, we used the approach of repeated in vitro stimulation 

(13-15, 41). We added irradiated Nalm6 leukemic cells bearing the CD19 target antigen to 

mCherry-expressing 28ζ or BBζ CAR T cell cultures (fig. S2) at 7-day intervals (Fig. 1A). 

Similar to previous studies comparing CD28- and 4-1BB–costimulated CARs, T cells 

bearing a 4-1BB–costimulated CAR (BBζ CAR T cells) accumulated over 14 days to yield 

about 1-log more T cells than CD28-costimulated CAR T cells (28ζ CAR T cells) (Fig. 1B). 

This increased expansion was associated with improved viability, which we observed by a 

14% (±3.2%) absolute reduction in T cells that acquired 7-aminoactinomycin D (7AAD) 

fluorescence and lost mCherry on day 14 for BBζ CAR T cells relative to 28ζ CAR T cells 

(Fig. 1C). To determine whether there was also a difference in relative proliferation, we 

measured the abundance of proliferating cell nuclear antigen (PCNA) by Western blotting 

(Fig. 1D) and found no statistically significant difference in PCNA abundance between 28ζ 
and BBζ CAR T cells at day 0, 7, or 14 after CAR restimulation (Fig. 1E).

To identify signaling pathways that enhanced BBζ CAR T cell survival, we used a bead-

based, artificial antigen-presenting cell (aAPC) approach for activating CD19-specific CAR 

T cells. We coated magnetic microbeads with anti-CD19 idiotype antibodies to cross-link 

the anti-CD19 CAR. This approach avoided the introduction of target cell proteins and RNA 

that confound analyses of signaling and did not add additional signals to the CAR T cells 

through other costimulatory interactions such as by integrin and CD28 activation (42). 

Furthermore, such beads have been used by our group and others to study CAR signaling 

and its effects on T cell expansion, metabolism, and differentiation (12, 43, 44). Similar to 

the studies using activation by Nalm6 leukemic cells, BBζ CAR T cells activated by these 

beads also expanded about a log more than did 28ζ CAR T cells (Fig. 1, F and G, and fig. 

S3). These expansions were less than those achieved with the irradiated target cells, likely 

due to a loss of additional costimulatory signals provided by those cells. Even so, we 

observed a 8.9% (±3.1%) absolute reduction in 7AAD+mCherry− cells on day 14 of BBζ 
CAR T cells relative to 28ζ CAR T cells (Fig. 1H) and did not detect a statistically 

significant difference in PCNA abundance (Fig. 1I). From these data, we conclude that our 

bead-based expansion system achieved similar outcomes as did the irradiated cell system.

CAR intracellular domains activate overlapping but kinetically and quantitatively distinct 
signaling pathways upon antigen stimulation

Both proximal and distal signaling pathways activated by the endogenous TCR and 

costimulatory molecules influence the proliferation and survival of T cells after CAR 

activation (45-47). To validate that our bead-based activation system stimulated similar T 

cell signaling pathways, we compared Zap-70, p65, and ERK1/2 phosphorylation in T cells 

expressing an anti-CD19 CAR containing no signaling domains (Δζ), the CD3 zeta chain 

alone (ζ), also known as a first-generation CAR, or one of two second-generation 

combinations, 28ζ or BBζ (fig. S4). Similar to recent work by Salter et al., we observed that 
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28ζ CAR–mediated Zap-70 phosphorylation was 4.5-fold greater than that mediated by the 

BBζ CAR 12 hours after bead addition and 3.7-fold greater than that mediated by the ζ 
CAR 30 min after bead addition (Fig. 2, A and B). The phosphorylation of p65 at Ser536, a 

measure of canonical NF-κB signaling, increased across all signaling CARs after bead 

addition, with a trend toward increased p65 phosphorylation early after activation of the 28ζ 
CAR and a small but statistically significant increase of 1.34-fold in the BBζ CAR T cells 

relative to that in the 28ζ CAR T cells at 12 hours (Fig. 2C). Also, like the work by Salter et 
al., ERK1 and ERK2 phosphorylation both increased with activation of all signaling CARs 

over time (Fig. 2, D and E), with ERK2 phosphorylation increasing 2.2- and 1.9-fold by 28ζ 
and BBζ CAR activation, respectively, relative to that by ζ-only CAR activation at 30 min 

(Fig. 2E). We conclude from these data that the bead-based aAPC system activated anti-

CD19 CARs, leading to CAR signaling in a similar manner to that reported in the literature 

(12, 43), providing a robust system for evaluating signaling downstream of our CD19-

specific CARs.

4-1BB, but not CD28, costimulation potentiates CAR-mediated ncNF-κB signaling

We hypothesized that the 4-1BB intracellular domain incorporated into a CAR specifically 

promoted CAR T cell survival and persistence through activation of ncNF-κB signaling. To 

interrogate this pathway and establish optimal time points for comparison across CAR 

constructs, we first determined the kinetics of activation after engagement of the BBζ CAR 

(fig. S5, A to D). We measured ncNF-κB signaling using the commonly reported metrics of 

p100 processing, p100 phosphorylation (Fig. 3, A and B), and p52/p100 ratio (Fig. 3, A and 

C) (48). We found that p100 phosphorylation was statistically significantly increased after 

bead addition, peaking at 6.1-fold over baseline at 12 hours (Fig. 3B). Similarly, the p52/

p100 ratio was statistically significantly increased over the first 12 hours after BBζ CAR 

activation, with a peak of 1.87-fold over baseline at 12 hours (Fig. 3C). The abundance of 

the initiator kinase for this pathway, NIK, was statistically significantly increased after BBζ 
CAR activation with a peak of 8.7-fold over baseline also at 12 hours after CAR activation 

(Fig. 3, D and E). ncNF-κB signaling culminates in the nuclear translocation of RelB and 

p52. Therefore, we also measured RelB and p52 nuclear translocation in isolated nuclear 

fractions, as confirmed by loss of vinculin (Fig. 3F), at similar times after BBζ CAR 

activation using the same initial setup as for our assessment of NIK and p100 signal 

transduction. Cytoplasmic RelB increased and stayed above baseline after 8 hours of bead 

stimulation (Fig. 3F and fig. S5E), reflecting previously described increases in abundance 

after canonical NF-κB signaling (49). Furthermore, both RelB and p52 nuclear localizations 

were detectable before and increased after BBζ CAR activation (Fig. 3F and fig. S5E), 

indicating basal and ligand-induced activation of ncNF-κB signaling. Consistent with the 

delayed kinetics of this pathway relative to that of the canonical NF-κB pathway (24), we 

observed peak p100 processing and NIK stabilization 12 hours after BBζ CAR activation 

(Fig. 3, C and E).

To test the hypothesis that ncNF-κB signaling occurred solely in 4-1BB–costimulated CAR 

T cells, we compared ncNF-κB signaling by anti-CD19–targeted Δζ, ζ, 28ζ, or BBζ CARs 

before activation and at 30 min and 12 hours after bead addition. We found that p100 

phosphorylation was 3.2-fold greater 12 hours after bead addition in BBζ CAR T cells 
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relative to that in 28ζ CAR T cells (Fig. 4, A and B). We observed a similar trend in p100 

phosphorylation when comparing the BBζ and ζ-only CAR T cells. The p52/p100 ratio was 

statistically significantly increased in BBζ CAR T cells relative to that in 28ζ CAR T cells 

at all times, including before activation (1.8-fold greater) and 12 hours afterward (2.4-fold 

greater), whereas no difference in the p52/p100 ratio was observed between the 28ζ and ζ-

only CAR T cells (Fig. 4C). Although NIK stabilization was enhanced after BBζ CAR 

activation relative to after activation of the other CARs (Fig. 4D), this trend was not 

statistically significant (Fig. 4E). The downstream basal ncNF-κB signaling in BBζ CAR T 

cells relative to that in 28ζ CAR T cells was also reflected in increased baseline RelB 

nuclear occupancy (Fig. 4F and fig. S6), which was 1.3-fold greater in BBζ CAR T cells 

relative to that in the 28ζ CAR T cells (Fig. 4G). RelB nuclear translocation increased 

further 12 hours after CAR activation and was 5.4-fold greater in BBζ CAR T cells relative 

to that in 28ζ CAR T cells (Fig. 4G). Although we observed increased p52 nuclear 

occupancy in BBζ CAR T cells at all times relative to that in the ζ and 28ζ CAR T cells 

(Fig. 4F), this increase reached statistical significance for BBζ versus 28ζ CAR T cells only 

at the 30-min time point and for BBζ versus ζ CAR T cells only at the 12-hour time point 

(Fig. 4H).

To confirm the particular association between the BBζ CAR and ncNF-κB signaling in a 

CAR with an alternative scFv and antigen specificity (fig. S7), we compared the p52/p100 

ratio in SS1-28ζ or SS1-BBζ CARs targeting mesothelin (fig. S7, A and C) before 

activation and at 30 min and 12 hours after the addition of mesothelin-coated beads (fig. S7, 

B and D to F). Similar to what we found with the CD19-specific CAR T cells, we observed a 

greater p52/p100 ratio in the SS1-BBζ CAR T cells compared to that in the SS1-28ζ CAR T 

cells from two separate donors before activation (fig. S7, E and F). Unlike in the anti-CD19 

CAR T cells, the p52/p100 ratio decreased after the addition of mesothelin-coated beads to 

the SS1-BBζ CAR T cells, but it did not decrease in the SS1-28ζ CAR T cells under the 

same conditions. Together, these data suggest that the 4-1BB signaling domain within the 

CAR basally activates the ncNF-κB pathway regardless of the CAR target. Although the 

degree of antigen-induced enhancement of ncNF-κB signaling by BBζ CARs differs based 

on the scFv, nature of the ligand, or both, BBζ CAR T cells exhibited greater ncNF-κB 

signaling compared to that in 28ζ CAR T cells.

Expression of a dominant-negative NIK peptide reduces BBζ-mediated ncNF-κB signaling, 
ex vivo BBζ CAR T cell expansion, and survival

Targeting NIK has been a widely used strategy to block ncNF-κB signaling (50). Therefore, 

we used this approach to interrupt ncNF-κB signaling downstream of BBζ CAR activation 

by overexpressing the C terminus of NIK (dnNIK) in CAR T cells. dnNIK acts similarly to a 

dominant-negative mutant NIK protein by binding to p100 and thereby preventing 

downstream ncNF-κB signaling (51). Twenty-four hours after initially transducing primary 

human T cells with the BBζ CAR, we transduced the cells with either a control vector 

expressing mCherry alone or a bicistronic vector expressing dnNIK and mCherry. This 

strategy enabled us to compare ncNF-κB signaling in each group of cells by Western 

blotting analysis while maintaining equal CAR abundance across groups (fig. S8). We 

observed a 1.5-fold decrease in the p52/p100 ratio 12 hours after CAR activation in dnNIK-
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expressing T cells relative to that in control T cells (Fig. 5, A and B). Similarly, we observed 

1.4- and 1.9-fold decreases in RelB nuclear occupancy 30 min and 12 hours, respectively, 

after BBζ CAR activation in dnNIK-expressing T cells relative to that in control T cells 

(Fig. 5, C and D, and fig. S9). We observed a similar trend in p52 nuclear occupancy, with 

statistically significant decreases of 1.9- and 2-fold at baseline and 12 hours after CAR 

activation, respectively, in dnNIK-expressing T cells relative to that in control T cells (Fig. 5, 

C and E, and fig. S9).

Having observed a reduction in ncNF-κB signaling as a result of dnNIK expression, we used 

this approach in the bead-based CAR T cell expansion model to test the hypothesis that 

ncNF-κB signaling mediated anti-CD19 4-1BB–costimulated CAR T cell survival. We 

observed that dnNIK-expressing BBζ CAR T cells expanded 3.1-fold less than did control 

BBζ CAR T cells after 14 days of exposure to anti-CD19 idiotype beads (Fig. 5, F and G). 

This reduction in expansion was associated with a 6.2% absolute increase in cell death as 

assessed by measurement of 7AAD uptake by flow cytometry on day 14 (Fig. 5H). We did 

not detect a significant difference in PCNA expression between control and dnNIK-

expressing BBζ CAR T cells before or 14 days after CAR T cell activation (fig. S10, A and 

B). To exclude the possibility that dnNIK nonspecifically caused CAR T cell death after 

CAR activation, we conducted these studies with anti-CD19 28ζ CAR T cells in parallel 

(Fig. 5, I to K). We observed no statistically significant differences in cell expansion (Fig. 5, 

I and J), 7AAD uptake (Fig. 5K), or PCNA abundance (fig. S10, C and D) between control 

and dnNIK-expressing 28ζ CAR T cells on day 14 of culture. These data indicate that 

4-1BB–costimulated anti-CD19 CAR T cells specifically require ncNF-κB signaling to 

promote cell survival.

4-1BB costimulation–mediated ncNF-κB signaling represses the pro-apoptotic protein Bim

ncNF-κB signaling in multiple myeloma cell lines and 4-1BB costimulation in T cells both 

lead to enhanced cell survival by suppressing the production of the pro-apoptotic protein 

Bim (35, 52, 53). From our observation that ncNF-κB signaling supported BBζ CAR T cell 

survival, we hypothesized that the increased cell death observed in dnNIK-expressing BBζ 
CAR T cells was due, at least in part, to increased Bim abundance. To test this hypothesis, 

we assessed Bim abundance by Western blotting analysis at baseline and 14 days after the 

addition of anti-CD19 idiotype beads to CD19-specific BBζ (Fig. 6, A to E, and fig. S11, A 

to C) and 28ζ (Fig. 6, F to J, and fig. S11, D to F) CAR T cells transduced with a dnNIK-

expressing vector or a control vector. No statistically significant difference was detected in 

the amounts of any of the Bim isoforms at baseline between dnNIK-expressing and control 

CAR T cells expressing either the BBζ (Fig. 6, B and C, and fig. S11B) or 28ζ (Fig. 6, G 

and H, and fig. S11E) CARs. The abundance of BimL was statistically significantly greater 

in dnNIK-expressing BBζ cells than in BBζ cells at day 14 (Fig. 6D), with a similar trend 

observed for BimS (Fig. 6E). No statistically significant differences in the abundances of any 

of the isoforms of Bim were apparent between dnNIK-expressing 28ζ CAR T cells and 

control vector–expressing 28ζ CAR T cells at day 14 (Fig. 6, I and J, and fig. S11F). 

Comparing Bim isoform abundances between 28ζ and BBζ CAR T cells at baseline (Fig. 6, 

K and L, and fig. S11, G and H) revealed a statistically significant decrease in BimS 

abundance in the BBζ cells with a similar trend observable for BimL (Fig. 6, K and L). 
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Together, these observations of differential Bim isoform abundance before CAR activation 

between 28ζ and BBζ CAR T cells, especially with respect to the low amounts of BimS in 

BBζ cells and the increase in Bim isoform abundance in the context of dnNIK-expressing 

cells after CAR activation, are consistent with bcl2l11 (which encodes Bim) or its products 

as a target of ncNF-κB signaling in BBζ CAR T cells. The failure to detect a difference in 

Bim isoform abundance when ncNF-κB signaling was disrupted by the presence of dnNIK 

before CAR activation may be a result of the low overall amounts of BimS and BimL.

Although previous work with multiple myeloma cell lines demonstrated cooperative 

suppression of Bim production by ERK and ncNF-κB signaling (35), previous studies of T 

cells have only addressed ERK-mediated Bim suppression (53-55). Therefore, we assessed 

ERK phosphorylation in the dnNIK-expressing BBζ CAR T cells to determine whether 

dnNIK expression affected BBζ CAR–mediated ERK activation. Thirty minutes after bead 

addition, we observed a 1.2-fold reduction in ERK1 phosphorylation in dnNIK-expressing 

CAR T cells relative to that in control cells but saw no statistically significant difference in 

ERK1 phosphorylation before or 12 hours after bead addition (fig. S12, A and B). We also 

observed no statistically significant difference in ERK2 phosphorylation at any time (fig. 

S12C). Thus, although the reduction in ERK1 phosphorylation upon activation in dnNIK-

expressing CAR T cells was small and transient, we cannot completely rule out that the 

observed reductions in Bim abundance are not, in part, due to small reductions in ERK 

signaling.

Another transcription factor known to drive Bim abundance in T cells is Forkhead box O3a 

(FOXO3a) (56). FOXO3a is regulated by numerous signaling pathways, including by γ-

chain cytokines through phosphorylation of Thr32 and subsequent proteasomal degradation 

(56, 57). To determine whether γ-chain cytokine signaling was affected by dnNIK and 

affected Bim abundance through FOXO3a regulation, we assessed FOXO3a phosphorylation 

at Thr32 and total FOXO3a abundance in control and dnNIK-expressing BBζ CAR T cells at 

days 0 and 14 of expansion (fig. S13, A and B). We observed no statistically significant 

differences in FOXO3a abundance between the control and dnNIK-expressing cells at either 

time (fig. S13B), instead observing a reduction in the amount of FOXO3a from days 0 to 14. 

We were also unable to detect any phosphorylation of FOXO3a at Thr32 in any of the 

samples (fig. S13A). Instead, we detected the phosphorylation of FOXO1 at Thr34, which 

can be distinguished by its smaller size relative to that of FOXO3a in Western blotting 

analysis (fig. S13A). From these data, we conclude that FOXO3a was unaffected by dnNIK 

and is unlikely to contribute to changes in Bim abundance.

DISCUSSION

Here, we showed that the 4-1BB cytoplasmic domain incorporated into a CAR potently 

activates ncNF-κB signaling in human T cells. This activation appeared to be constitutive 

across two 4-1BB–costimulated CARs with independent antigenic specificity, and ncNF-κB 

signaling was also increased in CD19-specific BBζ CAR T cells upon CAR engagement 

with ligand when compared with that in T cells expressing a first-generation CAR or a 

CD28-costimulated CAR. Moreover, disruption of this pathway substantially impaired anti-

CD19 BBζ CAR T cell survival after CAR-mediated activation, leading to reduced T cell 
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expansion ex vivo. This reduced expansion and survival was associated with the increased 

abundance of the pro-apoptotic protein Bim, the suppression of which mediates the 

prosurvival effects of ncNF-κB signaling in other systems (35, 52). Thus, we have 

demonstrated that the 4-1BB costimulatory domain within a CAR directly promotes T cell 

survival through the ncNF-κB pathway, consistent with previous reports demonstrating that 

murine endogenous 4-1BB costimulation activates the ncNF-κB signaling (24), whereas 

endogenous CD28 costimulation does not (23, 58). Our findings also add to our 

understanding of CAR costimulation because previously published reports have implicated 

faster and more potent proximal signaling by CD28-costimulated CARs to explain the 

differences between 4-1BB– and CD28-costimulated CAR T cell survival (12), whereas our 

results provide an additional mechanism directed by the 4-1BB domain itself.

A frequently observed feature of 4-1BB–costimulated CARs is basal signaling in the 

absence of antigen, so-called tonic signaling (11, 41, 59). Our data are consistent with these 

previous reports, and we also observed CD28-costimulated CAR basal signaling through the 

Zap-70 pathway (Fig. 2, A and B) (12). 4-1BB–costimulated CAR basal signaling appeared 

to occur through both the canonical NF-κB (Fig. 2) (60) and ncNF-κB (Figs. 3 and 4 and 

fig. S7) pathways, with the latter assessed by the detection of increased baseline p100 

processing (Fig. 4C and fig. S7, E and F) and RelB nuclear localization (Fig. 4G). This basal 

ncNF-κB signaling is consistent across anti-CD19 and anti-mesothelin CARs. Note that not 

all pathways downstream of CAR activation were basally active. ERK phosphorylation was 

undetectable before CAR activation (Fig. 2, A, D, and E), and ERK2 phosphorylation, 

specifically at 30 min after CAR activation, was statistically significantly increased in both 

4-1BB– and CD28-costimulated CAR T cells compared to that in first-generation CAR T 

cells (Fig. 2E). These distinct signaling modalities of CARs may arise from the constitutive 

dimerization of the CAR caused by disulfide bridges between the CD8 hinge domains or 

associations between neighboring scFv domains (61, 62). Although native 4-1BB can form 

dimers linked by disulfide bonds (63), trimerization by its ligand 4-1BBL initiates 

downstream signaling (63-67). Whereas CD28-costimulated CAR basal signaling is 

detrimental to CAR T cell function and persistence (10, 68), basal ncNF-κB signaling 

enhances the survival of multiple cell types, including T cells (37, 52). These observations 

are consistent with the BBζ CAR–associated enhanced survival of both anti-CD19 (2, 41) 

and anti-mesothelin (69) CAR T cells. ncNF-κB signaling integrates with ERK and other 

signaling pathways to achieve these effects (35, 70-73), emphasizing the importance of 

further understanding how CARs activate some pathways in the absence of antigen and 

others only upon crosslinking, and how these signals combine to affect T cell function.

Whereas the basal activation of ncNF-κB signaling was consistent between two CARs with 

different scFv domains and antigen specificity, the observed difference in ligand-induced 

enhancement of the pathway between the CD19-specific and mesothelin-specific CARs was 

unexpected. We previously reported on the greater tonic signaling of the mesothelin-specific 

BBζ CAR incorporating the SS1 scFv as compared to that of CARs incorporating the anti-

CD19 FMC63 scFv (11). Although speculative, this increased tonic signaling may lead to 

increased basal ncNF-κB signaling that is closer to the maximal response, thereby blunting 

our ability to see a difference upon activation. In this case, the small reduction that we 

observed in the p52/p100 ratio after bead-based activation could be the result of increased 
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p100 abundance due to increased canonical NF-κB signaling (60, 74). Alternatively, 

differences in the way that the CAR engages antigen or in the way that the antigen is 

presented for these two scFv-ligand systems might also influence the ligand-dependent 

activation of the ncNF-κB pathway downstream of a BBζ CAR. In particular, CARs 

internalize after antigen engagement, similarly to the TCR-CD3 complex, and the degree of 

internalization has been associated with ligand density and receptor affinity, which were not 

controlled in our activation system (75, 76). This internalization can negatively affect CAR 

function (76) and could lead to diminished ncNF-κB signaling.

It is likely that the signaling downstream of 4-1BB costimulation that we observed will 

extend to other TNFRSFs. Transient expression of OX40L on both activated CD4 and CD8 

T cells (77, 78) can activate OX40 and downstream ncNF-κB signaling (79). This OX40-

OX40L interaction may explain the small increase in ncNF-κB signaling that we observed in 

the ζ-chain and 28ζ CARs (Fig. 4) because both OX40 and OX40L are expressed at the cell 

surface upon T cell activation (77). Other researchers have incorporated OX40 costimulation 

directly into the CAR, thereby achieving enhancements in CAR T cell function and 

persistence (80), likely, at least in part, by activation of ncNF-κB signaling.

Approaches to pharmacologically activate the ncNF-κB pathway may also have utility, 

especially in T cell–based immunotherapies that do not use TNFRSF-based costimulation. 

One class of molecules, SMAC mimetics, has already been leveraged in combination with 

CAR T cells to enhance target-negative tumor cell killing (81). SMAC mimetics activate 

ncNF-κB signaling (82) and enhance T cell expansion and function (83). On the basis of our 

observations that 4-1BB costimulation–mediated ncNF-κB signaling is a driver of anti-

CD19 CAR T cell survival, it may be possible to use SMAC mimetics to similarly enhance 

non-TNFRSF–costimulated T cells. This combination may be especially beneficial in 

transgenic TCR–directed T cell therapies, which have no synthetic costimulation (84). The 

tumor responses induced by these therapies correlate with cell persistence (85), which, based 

on our findings and previous reports of the effects of SMAC mimetic on T cells (83, 86), 

could be increased by SMAC mimetic–mediated ncNF-κB signaling.

Last, our study has provided some insight into the mechanism by which ncNF-κB signaling 

by the 4-1BB domain of the CAR promotes T cell survival. The pro-apoptotic protein Bim 

plays a central role in T cell survival, is increased in abundance with T cell activation, and is 

repressed by ERK signaling (87-92). ERK-mediated Bim suppression was previously 

identified as a key mechanism by which endogenous murine 4-1BB enhances T cell survival 

(53); however, ncNF-κB signaling is implicated with ERK signaling in Bim regulation 

within multiple myeloma, suggesting that these two pathways are not mutually exclusive 

(35). In particular, ERK influences the cellular abundance of Bim in at least two ways: 

cooperation with RelB-p52 dimers to inhibit bcl2l11 transcription (35) and through the 

phosphorylation and subsequent degradation of the BimEL isoform (54, 93). This latter 

function of ERK may explain why we did not observe differences in BimEL abundance 

between anti-CD19 28ζ and BBζ CAR T cells or between dnNIK-expressing BBζ CAR T 

cells and their controls (fig. S11), given that ERK was active in both settings (Fig. 2, D and 

E, and fig. S12) (12). The observed increases in BimL and BimS abundances in dnNIK-

expressing BBζ CAR T cells relative to those in control cells after CAR activation (Fig. 6, D 
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and E) are consistent with a transcriptional effect. In addition, the BimL and BimS isoforms 

are even more potent sensitizers of cells to apoptosis than is BimEL (94) and are capable of 

diminishing T cell survival in the absence of BimEL (95). We were unable to detect a 

difference in the amounts of BimL and BimS between anti-CD19 28ζ and BBζ CAR T cells 

after CAR-mediated expansion, despite showing baseline differences, which may be due to 

selection events occurring in the 28ζ CAR T cell culture as was observed with the early loss 

of cells upon bead stimulation (Fig. 5I) and consistent with previous work describing rapid 

28ζ CAR T cell effector differentiation and cell loss (12, 43). Bim suppression is an 

important downstream effect of 4-1BB–induced ncNF-κB signaling and likely contributes to 

BBζ CAR–mediated T cell survival, and further studies are needed to identify additional 

ncNF-κB–responsive genes that may also contribute to this survival.

Our system enabled us to identify ncNF-κB signaling as a specific and critical mediator of 

4-1BB–costimulated CAR T cell survival, but we must also acknowledge some of its 

limitations. In this report, we focused on anti-CD19 CARs, which our group (41, 96) and 

Salter et al. (12, 44) have used to study CAR signaling. Although it is possible that our 

findings regarding CAR T cell survival are limited to the anti-CD19 CAR, 4-1BB–

costimulated CAR T cells targeting multiple other antigens have been described as having 

similar enhanced survival (69, 97-99). We overexpressed the C terminus of NIK to inhibit 

ncNF-κB signaling for our studies due to the well-described effects of this approach in 

disrupting ncNF-κB (51) and the lack of commercially available pharmacological inhibitors 

(100). Although protein overexpression and dominant-negative mutants can have 

unintended, off-target effects, the absence of an appreciable effect of dnNIK expression on 

both polyclonal T cell expansion in response to anti-CD3/anti-CD28 beads or 28ζ CAR–

mediated expansion supports the generally nontoxic and targeted nature of our approach 

(Fig. 5, I and J).

In summary, we have identified an essential and nonredundant mechanism by which 4-1BB 

costimulation within a CAR supports T cell survival, namely, by mediating both basal and 

ligand-dependent activation of ncNF-κB signaling, which is associated with the reduced 

abundance of the most pro-apoptotic isoforms of Bim. ncNF-κB signaling by 4-1BB–

costimulated CARs also likely influences gene expression in CAR T cells beyond those 

genes that affect survival and persistence because this pathway regulates the expression of 

many genes, such as those encoding chemokines and cytokines that are important for T cell 

trafficking and function (38). Although not evaluated in our study, ncNF-κB signaling has 

been reported to be required for the production of granulocyte-macrophage colony-

stimulating factor (GM-CSF) by T helper 17 (TH17) cells (101), suggesting that the 4-1BB–

induced activation of this pathway could play a role in cytokine release syndrome that 

depends on this cytokine (102, 103). Our work therefore represents only a beginning for the 

study of this unique and complex signaling pathway in CAR T cells that clearly deserves 

further exploration.
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MATERIALS AND METHODS

Primary cells and Nalm6 cells

Primary human T cells were procured and cultured as described previously (41). Briefly, 

peripheral blood mononuclear cells were collected from anonymous healthy donors by 

aphaeresis. T cells were isolated from these aphaeresis products by the University of 

Pennsylvania Human Immunology Core using Lymphoprep and RosetteSep Human T Cell 

Enrichment Cocktail kits (STEMCELL Technologies) according to the manufacturer’s 

instructions. Primary human T cells were cultured at 37°C in RPMI 1640 medium (Gibco) 

supplemented with 10% fetal bovine serum, 10 mM Hepes, penicillin (100 U/ml), and 

streptomycin (100 μg/ml). Nalm6 cells (American Type Culture Collection) were cultured at 

37°C in the same medium that was used for T cells and refed every other day to a 

concentration of 0.25 × 106 cells/ml. Immediately before being used as stimulator cells, 

Nalm6 cells were irradiated with 100 Gy using an x-ray irradiator.

Generation of high-titer lentiviral vectors and T cell transduction

All CAR constructs were constructed as previously described (fig. S14) (41, 96). All 

lentiviral vectors were produced and used to transduce primary human T cells for all single 

transduced T cell assays as previously described (41). Dual-transduced CAR T cells were 

generated as follows. We transduced T cells with anti-CD19 CARs containing either CD28 

or 4-1BB costimulatory domains from healthy donor bulk T cells by lentiviral transduction, 

as described previously (41). These cells were subsequently transduced a second time with 

either a control lentiviral vector expressing mCherry or a bicistronic vector expressing 

dnNIK and mCherry, which were separated in the vector by a T2A site. These dual-

transduced cells were cultured for 5 to 8 days, sorted to purity based on the abundance of 

mCherry, and further expanded with interleukin-7 (IL-7) and IL-15 (final concentration of 

10 ng/ml; premium grade, Miltenyi Biotec) added with R10 medium every other day to 

maintain a starting concentration of 0.75 × 106 cells/ml. This expansion regimen was 

maintained until the average cell volume plateaued, as measured on a Coulter Counter 

(Beckman Coulter) for two consecutive measurements. These cells were either immediately 

used in assays (described as “fresh”) or cryopreserved as described previously (41). Cells 

were enumerated by combining counts collected on a Coulter Counter (Beckman Coulter) 

with viability as assessed by flow cytometry using 7AAD (Cell Viability Solution, BD Via-

Probe) exclusion (fig. S15A). CD4 (BUV395, RPA-T4, BD Biosciences), CD8 (BV785, 

RPA-T8, BioLegend), and CD19 (APC, HIB19, STEMCELL Technologies) cell surface 

expression were also assessed by flow cytometry. Elimination of irradiated Nalm6 stimulator 

cells by day 3 after addition was confirmed by the absence of CD19+ cells (fig. S15B).

Preparation and use of stimulation beads

Stimulator beads were prepared as described previously (43). Briefly, Dynabeads M-450 

Tosylactivated (Invitrogen) were washed and resuspended in a borate buffer (pH 9.5) at 4 × 

108 beads/ml and then incubated overnight with 150 μg of anti-CD19 idiotype antibody 

(Novartis) or mesothelin-Fc at 37°C with constant mixing. The beads were then washed 

three times in wash buffer [3% human AB serum, 0.1% sodium azide, and 2 mM EDTA in 

phosphate-buffered saline (PBS)] at 4°C for 10 min each with constant mixing, followed by 
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an overnight wash at 4°C in the same buffer with constant mixing. Before use, the beads 

were washed three times in PBS and then resuspended in RPMI 1640–based medium as 

described earlier. Before use in experiments, the beads were subjected to quality control by 

being mixed with BBζ CAR T cells at a 3:1 bead-to-cell ratio. Bead activity was assessed by 

measuring T cell size with a Coulter Counter after 3 days and comparing it to the size of the 

same BBζ CAR T cells mixed with previous batches of beads at the same ratio used in 

parallel as a positive control, as well as to the size of BBζ CAR T cells cultured alone as a 

negative control. Beads were then used at a 3:1 bead-to-cell ratio for all bead-based 

expansion assays, whereas they were used at a 5:1 bead-to-cell ratio for all signaling assays. 

T cells for expansion assays were mixed with beads and cultured as described earlier. T cells 

for stimulation assays were mixed with beads and spun down to synchronize bead-cell 

contact. They were then incubated at 37°C for the times indicated in the figure legends.

Whole-cell lysis

Radioimmunoprecipitation assay (RIPA) buffer stock was made at 1× consisting of 150 mM 

NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, and 50 mM tris-HCl (pH 8.0). The stock 

was stored at 4°C. The night before use, one tablet each of phosphatase inhibitor 

(PhosSTOP, Roche) and proteasome inhibitor (cOmplete, Roche) was added to a working 

volume of RIPA buffer. On the day of lysate collection, T cells were harvested from the 

culture, washed with ice-cold PBS (Corning), and resuspended in the working stock of ice-

cold RIPA buffer. Lysates were incubated on ice for 30 min while being vortexed at 

maximum speed for 10 s at 10-min intervals. The cells were then centrifuged at 16,000g for 

10 min in a refrigerated centrifuge. The supernatants were collected, aliquoted, and 

immediately frozen at −80°C.

Nuclear and cytoplasmic fractionation

Our nuclear-cytoplasmic fractionation technique was adapted from a previously described 

method (104). Cytoplasmic buffer stock (1×) was as follows: 10 mM Hepes, 10 mM KCl, 

and 0.1 mM EDTA (pH 7.9). Nuclear buffer stock (1×) was as follows: 20 mM Hepes, 0.42 

M NaCl, and 0.1 mM EDTA (pH 7.9). Both buffers were stored at 4°C. The night before 

use, one tablet each of phosphatase inhibitor (PhosSTOP, Roche) and proteasome inhibitor 

(cOmplete, Roche) was added to a working volume of each buffer. On the day of lysate 

collection, T cells were harvested from the culture, washed with ice-cold PBS (Corning), 

and resuspended in the working stock of ice-cold cytoplasmic buffer. Samples were 

incubated on ice for 10 min. A final concentration of 0.1% NP-40 (Thermo Fisher Scientific) 

was added to each sample. Each sample was then incubated at room temperature for 5 min, 

followed by a 10-s maximum speed vortex and immediate centrifugation at 4000g for 90 s at 

4°C. Supernatants were collected on ice, aliquoted, and frozen at −80°C for later use as the 

cytoplasmic fraction. The remaining nuclear pellets were washed twice with ice-cold 

cytoplasmic buffer and transferred to a fresh tube. They were then resuspended in ice-cold 

nuclear buffer and shaken at 4°C for 30 min at 1400 rpm. Samples were then centrifuged at 

16,000g for 15 min at 4°C. Supernatants were collected, aliquoted on ice, and stored at 

−80°C to be used as nuclear fractions.
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Western blotting analysis

Cell lysates were thawed on ice, and protein concentration was assessed by DC Protein 

Assay (Bio-Rad) according to the manufacturer’s instructions. Equal quantities of protein 

were added to Laemmli buffer (Bio-Rad) containing 2-mercaptoethanol (Bio-Rad) and 

boiled at 95°C for 5 min. Protein was separated in NuPAGE gels using the Cell SureLock 

Mini-Cell (Invitrogen) and transferred to a methanol-activated PVDF-FL membrane 

(Millipore Sigma) in the Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad) in 10% 

methanol NuPAGE transfer buffer (Thermo Fisher Scientific). After transfer, the membranes 

were incubated in methanol for 1 min, followed by a deionized water wash, and then 

incubated in tris-buffered saline (TBS) for 2 min before being blocked in TBS Odyssey 

blocking buffer (LI-COR) for 1 hour. Proteins were visualized with the primary antibodies 

against the following targets and incubated overnight at 4°C in TBS Odyssey blocking buffer 

(LI-COR) with 0.5% Tween 20 (Bio-Rad): PCNA (1:2000; PC10, Cell Signaling 

Technology), actin (1:1000; 8H10D10, Cell Signaling Technology), pZap-70 (1:1000; 

Tyr319, 65E4, Cell Signaling Technology), Zap-70 (1:1000; L1E5, Cell Signaling 

Technology), pp65 (1:1000; Ser536, 93H1, Cell Signaling Technology), p65 (1:1000; L8F6, 

Cell Signaling Technology), pp44/42 mitogen-activated protein kinase (MAPK) (ERK1/2) 

(1:2000; Tyr202/Tyr204, D13.14.4E, Cell Signaling Technology), p44/42 MAPK (ERK1/2) 

(1:2000; L34F12, Cell Signaling Technology), NIK (1:750; Cell Signaling Technology), 

pNF-κB2 p100 (1:1000; Ser866/Ser870, Cell Signaling Technology), NF-κB p52 (1:1000; 

Millipore Sigma), RelB (1:1000; D7D7W, Cell Signaling Technology), and Bim (1:1000; 

C34C5, Cell Signaling Technology). Each membrane was only incubated with one primary 

antibody from a single origin species (rabbit or mouse) at one time. The membranes were 

washed with TBS containing 0.1% Tween 20 and incubated with donkey anti-rabbit 

(1:15,000; IRDye 800CW, LI-COR), donkey anti-mouse (1:15,000; IRDye 680RD, LI-

COR), or both secondary antibodies in TBS Odyssey blocking buffer (LI-COR) with 0.5% 

Tween 20 and 0.1% SDS (Thermo Fisher Scientific) for 40 min at room temperature. The 

membranes were then washed again with TBS containing 0.1% Tween 20, rinsed once in 

TBS, and then kept in TBS at 4°C until imaging. Membranes were imaged with an Odyssey 

CLx (LI-COR), and fluorescence was evaluated with Image Studio (LI-COR). When 

membranes were reused to visualize additional proteins, they were first reblocked in TBS 

Odyssey blocking buffer (LI-COR) for 1 hour at room temperature and then processed as 

described earlier.

Statistical analysis

Results are expressed as means ± SD. All LogFC values are derived as follows: Log2 of 

((time of interest of experimental group: raw fluorescence of the protein of interest/raw 

fluorescence of relevant loading control)/(control time point of control group: raw 

fluorescence of protein of interest/raw fluorescence of relevant loading control)). Analysis of 

relative protein abundance in Fig. 5 (D and E) was determined by calculating the ratio of the 

fluorescence intensity of the stated protein sample to the fluorescence intensity of the same 

protein with the lowest abundance sample in the experiment. Statistical comparisons were 

made as noted in the figure legends, with the factors of two-way analysis of variance 

(ANOVA) analyses being CAR and time using Prism (GraphPad).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 4-1BB–costimulated CAR activation drives greater ex vivo T cell expansion and survival 
than does CD28-costimulated CAR activation.
(A) Representative ex vivo expansion of the indicated CAR T cells stimulated by irradiated 

Nalm6 target cells at the indicated times at a T cell to target cell ratio of 2:1. (B) 

Quantification of T cell expansion after 14 days of ex vivo culture from the experiments 

represented in (A). (C) Quantification of cell death by measurement of the percentage of 

7AAD+mCherry− cells in all events collected on day 14 of ex vivo culture from the 

experiments represented in (A). (D) Representative Western blotting analysis of PCNA 

abundance in the indicated CAR T cells at 0, 7, and 14 days of ex vivo culture with Nalm6 

target cells. (E) Quantification of the relative amounts of PCNA in the indicated CAR T 

cells on day 14 of ex vivo culture with Nalm6 target cells. Data in (B), (C), and (E) are from 

three donors in two independent experiments and were analyzed by paired Student’s t test. 

(F) Representative ex vivo expansion of the indicated CAR T cells stimulated by anti-CD19 

idiotype–coated target beads (at a T cell to bead ratio of 1:3) added at day 0 (green arrow) 

and removed at day 14 of culture (black arrow). (G) Quantification of T cell expansion after 

14 days of ex vivo culture from the experiments represented in (F). (H) Quantification of 

Philipson et al. Page 22

Sci Signal. Author manuscript; available in PMC 2021 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cell death as assessed by measurement of the percentage of 7AAD+mCherry− cells in all 

events collected on day 14 of ex vivo culture from the experiments represented in (F). Data 

in (G) and (H) are from three donors in three independent experiments and were analyzed by 

paired Student’s t test. (I) Quantification of the relative abundance of PCNA as assessed by 

Western blotting analysis of the indicated CAR T cells on days 0, 7, and 14 of ex vivo 

culture with target beads. Data are from donors in three independent experiments and were 

analyzed by paired Student’s t test.
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Fig. 2. Anti-CD19 idiotype target beads activate T cell signaling in anti-CD19 CAR T cells.
(A) Representative Western blotting of total and phosphorylated Zap-70, p65, and ERK1/2 

proteins before and at 30 min and 12 hours after the addition of anti-CD19 beads to the 

indicated CAR T cells at a bead–to–T cell ratio of 5:1. The anti-CD19 CAR T cells used 

expressed CARs with no signaling domain (Δζ), the CD3ζ chain intracellular domain alone 

(ζ), the CD28 and CD3ζ chain intracellular domains (28ζ), or the 4-1BB and CD3ζ chain 

intracellular domains (BBζ). (B to E) Quantification of the relative abundances of 

phosphorylated Zap-70 (B), p65 (C), ERK1 (D), and ERK2 (E) normalized to their 

respective total proteins from the experiments represented in (A). P values were determined 

by two-way ANOVA with Tukey’s multiple comparisons test of data from three donors 

analyzed in three independent experiments. FC, fold change; TP, time point; NTD, non-

transduced.
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Fig. 3. 4-1BB–costimulated anti-CD19 CAR activation stimulates CAR T cell ncNF-κB signaling.
(A) Representative Western blotting analysis of p100 phosphorylation and the processing of 

p100 to p52 at the indicated times before and after the addition of target beads to anti-CD19 

BBζ CAR T cells. (B and C) Quantitative analyses of the relative amounts of 

phosphorylated p100 (B) (P = 0.0397 as determined by analyzing the data from two 

independent experiments using CAR T cells derived from three healthy donors by one-way 

ANOVA with the factor being time, as is the case for all of the P values in this figure) and 

the relative amounts of p52 generated by p100 processing (C) (p52/p100 ratio, P = 0.0244) 

from the experiments represented in (A). (D) Representative Western blotting analysis of 

NIK protein at the indicated times before and after target bead addition to anti-CD19 BBζ 
CAR T cells. Actin was used as a loading control. (E) Quantitative analysis of the relative 

amounts of NIK protein at the indicated times after the addition of beads to the cells in the 

experiments represented in (D) (P = 0.011). (F) Representative Western blotting analysis of 

the cytoplasmic and nuclear fractions from anti-CD19 BBζ CAR T cells before and at the 

indicated times after the addition of target beads. The blot is representative of two separate 

experiments using CAR T cells generated from two healthy donors (see fig. S6 for the other 

experiment).
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Fig. 4. 4-1BB, but not CD28, CAR costimulation drives basal and enhances CAR activation–
induced ncNF-κB signaling.
(A) Representative Western blotting analysis of the phosphorylation of p100 and of its 

processing to p52 in the indicated CAR T cells at the indicated times before and after the 

addition of target beads at a bead–to–T cell ratio of 5:1. The anti-CD19 CARs used had no 

signaling domain (Δζ), the CD3ζ chain intracellular domain alone (ζ, green), the CD28 and 

CD3ζ chain intracellular domains (28ζ, red), or the 4-1BB and CD3ζ chain intracellular 

domains (BBζ, blue). (B and C) Quantitative analyses of the relative abundances of 

phosphorylated p100 (B) and of the ratio of p52 to p100 (C) from the experiments 

represented in (A). (D) Representative Western blotting analysis of NIK protein in the 

indicated CAR T cells at the indicated times before and after the addition of target beads as 

described for (A). Actin was used as a loading control. (E) Quantitative analysis of relative 

amounts of NIK protein in the indicated cells from the experiments represented in (D). (F) 

Representative Western blotting analysis of RelB, p52, and TBP (loading control) in nuclear 

fractions from the indicated anti-CD19 CAR T cells before and at the indicated times after 

the addition of target beads as described for (A). (G and H) Quantitative analyses of the 

relative amounts of nuclear RelB (G) and nuclear p52 (H) in the indicated cells from the 
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experiments represented in (F). Data in (B), (C), (E), (G), and (H) are from three donors in 

three independent experiments. All log2(fold change relative to nonsignaling group) 

quantifications of band fluorescence intensities were normalized to those of the loading 

control. P values reported were determined by two-way ANOVA with Tukey’s multiple 

comparisons test.
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Fig. 5. Reducing 4-1BB costimulation–mediated ncNF-κB signaling diminishes BBζ CAR T cell 
ex vivo expansion and survival.
(A) Representative Western blotting analysis of p100 processing to p52 before, 30 min, and 

12 hours after the addition of target beads to anti-CD19 BBζ CAR T cells expressing either 

mCherry (control) or mCherry and dnNIK. (B) Quantitative analysis of the ratio of p52 to 

p100 ratio from the experiments represented in (A). Data are from CAR T cells generated 

from three donors in three independent experiments. P value was determined by two-way 

ANOVA with Holm-Sidak’s multiple comparisons test. (C) Representative Western blotting 

analysis of RelB, p52, and TBP (loading control) in nuclear fractions of anti-CD19 BBζ 
CAR T cells treated as described for (A). (D and E) Quantitative analyses of the nuclear 

localization of RelB (D) and p52 (E) in cells from the experiments represented in (C) using 

TBP as the loading control. Data are from two independent experiments of CAR T cells 

generated from three donors. P values were determined by two-way ANOVA with Holm-

Sidak’s multiple comparisons test. (F) Representative ex vivo expansion of control or 

dnNIK-expressing BBζ CAR T cells stimulated by anti-CD19 idiotype–coated target beads 

(at a T cell–to–bead ratio of 1:3) and added at day 0 (green arrow) and removed at day 14 of 

culture (black arrow). (G) Quantification of T cell expansion after 14 days of ex vivo culture 
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from the experiments represented in (F). (H) Quantification of cell death by measurement of 

the percentage of 7AAD+mCherry− cells in all events collected on day 14 of the ex vivo 

culture represented in (F). (I) Representative ex vivo expansion of control or dnNIK-

expressing 28ζ CAR T cells stimulated by anti-CD19 idiotype–coated target beads at a T 

cell–to–bead ratio of 1:3 and added at day 0 (green arrow) and removed at day 14 of culture 

(black arrow). (J) Quantification of T cell expansion after 14 days of ex vivo culture from 

the experiments represented in (I). (K) Quantification of cell death by measurement of the 

percentage of 7AAD+mCherry− cells in all events collected on day 14 of the ex vivo culture 

represented in (I). All P values were determined by paired Student’s t tests of data from four 

donors in four independent experiments.
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Fig. 6. 4-1BB costimulation–mediated ncNF-κB signaling opposes expression of the pro-apoptotic 
protein Bim.
(A) Representative Western blotting analysis of Bim isoforms in control and dnNIK-

expressing BBζ CAR T cells before and 14 days after ex vivo expansion in response to the 

addition of beads. (B to E) Quantitation of the relative basal amounts of BimL (B) and BimS 

(C), as well as of the amounts of BimL (D) and BimS (E) 14 days after the addition of beads 

from the experiments represented in (A). Data in (B) to (E) are from four donors in four 

independent experiments. All P values were derived from paired Student’s t tests. (F) 

Representative Western blotting analysis of Bim isoforms in control or dnNIK-expressing 

28ζ CAR T cells before and 14 days after ex vivo expansion in response to the addition of 

beads. (G and H) Quantitation of the relative basal amounts of BimL (G) and BimS (H) from 

the experiments represented in (F). Data are from three independent experiments with three 

donors. P values were derived from paired Student’s t tests. (I and J) Quantitation of the 

relative amounts of BimL (I) and BimS (J) 14 days after bead addition from the experiments 

represented in (F). Data in (I) and (J) are from four donors in four independent experiments. 

No pre-bead sample was taken for fourth donor shown in (I) and (J). P values were derived 
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from paired Student’s t tests. (K and L) Comparison of the basal amounts of BimL (K) and 

BimS (L) between 28ζ and BBζ CAR T cells. (M and N) Comparison of the relative 

amounts of BimL (M) and BimS (N) between 28ζ and BBζ CAR T cells 14 days after 

expansion in response to beads. Data in (K) to (N) are from three donors in three 

independent experiments. All P values were derived from paired Student’s t tests.
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