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Effective therapeutic strategies are needed for non-small cell lung cancer (NSCLC) patients with 

epidermal growth factor receptor (EGFR) mutations that acquire resistance to EGFR tyrosine 

kinase inhibitors (TKIs) mediated by epithelial to mesenchymal transition (EMT). We investigate 

cell surface proteins that could be targeted by antibody-based or adoptive cell therapy approaches 

and identify CD70 as being highly upregulated in EMT-associated resistance. Moreover, CD70 

upregulation is an early event in the evolution of resistance and occurs in drug-tolerant persister 

cells (DTPCs). CD70 promotes cell survival and invasiveness, and stimulation of CD70 triggers 

signal transduction pathways known to be re-activated with acquired TKI resistance. Anti-CD70 

antibody drug conjugates (ADCs) and CD70-targeting CAR T cell and CAR NK cells show 

potent activity against EGFR TKI resistant cells and DTPCs. These results identify CD70 as a 

therapeutic target for EGFR mutant tumors with acquired EGFR TKI resistance that merits clinical 

investigation.

eTOC Blurb

Nilsson et al. show that CD70 is highly upregulated in non-small cell lung cancer (NSCLC) 

tumors with acquired EGFR tyrosine kinase inhibitor (TKI) resistance that occurs independent 

of mesenchymal-epithelial transition (MET) or secondary EGFR mutations. Anti-CD70 antibody 

drug conjugates and CD70-targeting CAR T and CAR NK cells have activity against resistant cells 

as well as drug tolerant persister cells.

Graphical Abstract
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INTRODUCTION

Approximately 10–15% of patients with non-small cell lung cancer (NSCLC) harbor 

epidermal growth factor receptor (EGFR) activating mutations. The initial standard of care 

treatment for these patients are EGFR tyrosine kinase inhibitors (TKIs). Although these 

patients are initially highly responsive to TKIs, EGFR TKI-refractory disease inevitably 

emerges, with cancer progression after a median of 10–19 months 1–7. EGFR TKIs 

resistance can be broadly grouped into EGFR-dependent mechanisms such as the acquisition 

of additional EGFR mutations, and EGFR-independent mechanisms such as expression of 

alternate receptor tyrosine kinases such as MET 8; epithelial to mesenchymal transition 

(EMT)9–12; and small cell lung cancer (SCLC) transformation13. While secondary EGFR 

mutations or MET amplifications can, in some cases, can be treated with other EGFR 

inhibitors (e.g. the use of the third-generation TKI osimertinib for the T790M resistance 

mutations)5,14–16, or combinations of EGFR and MET inhibitors17,18, respectively, the vast 

majority of resistance to the most effective TKIs occurs through other, EGFR-independent 

mechanisms for which there is a paucity of targeted treatment options. The clinical need 

is heightened by the observation that these TKI-resistant tumors often adopt a broadly 

drug-resistant phenotype across most available drugs, particularly if they have undergone 

EMT19, and are not typically responsive to immune checkpoint inhibitors with an objective 

response rate of less than 10% 20–23. This highlights the critical need for new treatment 

approaches for NSCLC patients with EGFR TKI-refractory disease.

Here, we conducted an integrative analysis of putative cell surface targets on NSCLC cells 

with EGFR-independent resistance mechanisms such as EMT in effort to identify proteins 

that could be targeted by antibody-based or adoptive cell therapy approaches. We identified 

CD70 as being highly upregulated on EGFR TKI resistant cells where resistance occurred 

independent of EGFR or MET in cell lines and in clinical cases of TKI refractory EGFR 

mutant NSCLC. CD70 is normally expressed predominantly on lymphocytes; we found that 

EGFR TKI resistant cells markedly upregulated CD70 and stimulation of CD70 activated 

PI3K and AKT signal transduction pathways critical for cell survival and invasiveness. 

Moreover, we determined that overexpression of CD70 was an early event in the evolution 

of EGFR TKI resistance as it was highly expressed on EGFR TKI drug-tolerant persister 

cells (DTPCs). CD70-targeting approaches including anti-CD70 antibody drug conjugates 

(ADCs) and CD70-targeting chimeric antigen receptor (CAR) T cell and CAR NK cells 

had marked anti-tumor activity against EGFR TKI resistant, but not EGFR TKI-naïve, 

models in vitro and in vivo activity. Given that anti-CD70 based therapeutic strategies are in 

clinical development for other malignancies, these results support the future testing of CD70 

targeting in NSCLC patients with acquired EGFR TKI resistance.

RESULTS

CD70 gene expression is upregulated in NSCLC cells with acquired EGFR TKI resistance

We generated EGFR TKI-resistant cells by culturing EGFR mutant NSCLC cell lines 

HCC827, HCC4006, H1975 and PC9 cells in the presence of EGFR inhibitors until resistant 

variants emerged. To identify potentially targetable cell surface proteins upregulated on cells 

with acquired resistance to EGFR TKIs, we interrogated RNA-seq data from EGFR mutant 
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parental cells (HCC827 and HCC4006) and their associated erlotinib resistant (ER) variants 

previously shown to have developed resistance through EMT19 and filtered gene expression 

data to include only genes which transcribed proteins localized to the cell surface (Figure 

1A). Cell surface genes which displayed a log2fold change of 3 or greater in expression in 

resistant cells as compared to parental cells are shown in Table S1 and Figure 1A. AXL 
was significantly upregulated in ER cells compared to parental lines which was consistent 

with previous reports 10,24. We identified EMP3 (p = 2.21 × 10−53) and CD70 (p=2.65 × 

10−39) as the first and second most significantly upregulated genes in ER cells, respectively 

(Figure 1A; Figure S1A). Given that EMP3 is expressed in the normal lung, kidneys, and 

gastrointestinal track and that CD70 expression is highly restricted and only transiently 

expressed on activated B and T cells and mature dendritic cells and absent on normal 

epithelial tissue or hematopoietic cells 25–27, CD70 was selected as a top candidate cell 

surface gene for further study (Table S2). We next assessed CD70 mRNA expression in 

cell lines with acquired osimertinib resistance (OR) previously shown to be resistant to 

both erlotinib and osimertinib and to have undergone EMT19 (Figure S1B) and observed 

significant upregulation of CD70 mRNA in OR cells compared to parental cell lines 

(HCC4006 and H1975; p = 0.0075; Figure 1B). While CD70 RNA was elevated in EGFR 

TKI resistant cells as compared to parental cell lines, there was no significant difference 

in CD70 expression between EGFR wild-type and mutant cell lines (n = 95 EGFR wt, 16 

EGFR mutant; Figure S1C) or in treatment-naïve lung adenocarcinoma tumor specimens 

from the PROSPECT28 or TCGA-LUAD clinical datasets (Figure S1D&E).

CD70 is elevated on the cell surface of EGFR TKI resistant cells that have undergone EMT

We next evaluated CD70 expression at the protein level and observed marked increases 

in CD70 expression by Western blotting in nearly all ER and OR variants compared to 

parental cells (Figure 1C). CD70 expression was not detected in HCC827 ER2 cells which 

acquired erlotinib resistance through MET amplification29 (Figure 1C) or PC9 ER2 and PC9 

ER6 cells which acquired erlotinib resistance though T790M secondary EGFR mutations19 

(Figure S1F). Likewise, flow cytometry analysis revealed elevated cell surface expression of 

CD70 in ER and OR cells that had acquired resistance through EMT (Figure 1D&E) but 

not in cells where resistance was mediated by MET amplification or T790M (Figure 1F). 

Because CD27 is the binding partner for CD70, we assessed CD27 expression in EGFR TKI 

resistant cells and observed no upregulation of CD27 at the RNA level (Figure S1G) or on 

the cell surface of EGFR TKI resistant cells (Figure S1H).

To determine whether CD70 was expressed in clinical cases of EGFR TKI resistance, 

we utilized patient-derived cell lines including MDA-L-011 which was established from 

a patient with an EGFRL858R-positive NSCLC who progressed on erlotinib and was 

previously shown to have undergone EMT19. CD70 was detected on the surface of MDA-

L-011 cells by flow cytometry (Figure 1G). Likewise, CD70 was absent on YUL-0019 

cells which were derived from a treatment-naïve EGFR exon 20 insertion mutant tumor 

but was highly expressed on MDA-L-004K cells which were derived from a NSCLC 

patient harboring an EGFR exon 20 insertion mutation who progressed on the EGFR TKI 

poziotinib (Figure 1G). Using publicly available transcriptomic data from cell lines derived 

from erlotinib-resistant patient biopsies30, we observed that tumor cells that developed 
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EMT-associated EGFR TKI resistance had increased expression of CD70 (Figure 1H). 

Next, using single-cell RNA-seq (scRNA-seq), we analyzed specimens from two patients 

with EGFR mutant lung cancer that had acquired EGFR TKI resistance in which one 

developed resistance to afatinib and was T790M negative and one developed resistance 

to gefitinib and was T790M positive31. Previous analysis revealed that cluster 0 from the 

T790M-negative tumor expressed markers consistent with having undergone EMT31, and 

we observed elevated expression of CD70 in the EMT tumor cell population (Figure 1I, 

left). In contrast, CD70 was not detected in the T790M+ tumor (Figure 1I, right). Next, 

using a dataset of 10 pairs of matched baseline and osimertinib-refractory clinical samples32, 

we compared the change in EMT-score with the change in CD70 expression in samples 

collected at progression. Osimertinib-refractory tumors with a high degree of change in 

EMT score were significantly associated with the greatest increase in CD70 expression (p = 

0.028; Figure 1J&K).

We next assessed protein levels of CD70 in a cohort of unmatched EGFR mutant NSCLC 

clinical specimens collected at baseline (n=16) or after progression on osimertinib (n=36) by 

immunohistochemistry. CD70 positivity was significantly increased in osimertinib refractory 

specimens as compared to the TKI naïve group (p = 0.028; Figure 2A&B). CD70 staining 

intensity was varied across osimertinib-refractory specimens, with 75% of specimens 

showing tumor cell expression of CD70 to be moderate or high (Figure 2C).

CD70 expression and its association with outcome in NSCLC patients

We next evaluated CD70 expression from NSCLC patients and its association with outcome 

by Kaplan-Meier analysis. Among a dataset of EGFR TKI refractory NSCLC patients 

(N=39)33 high CD70 expression was associated with strikingly 4.95 fold increase in the risk 

of death compared with the low CD70 group (p = 0.0017; Figure 2D). For comparison, we 

also evaluated the impact of CD70 in the overall lung adenocarcinoma population using the 

TCGA-LUAD and Gene Expression Omnibus (GEO) databases. High CD70 expression was 

also associated with a significantly worse overall survival (OS) than those with low CD70 
expression with a more modest 1.95-fold increase in the risk of death observed (p = 1.6e-08; 

Figure 2E).

EMT induces CD70 upregulation

We next evaluated the potential role of EMT in modulating CD70 expression in tumor 

cells. Using TCGA data, we evaluated the correlation between a previously established 

EMT gene expression signature 24 and CD70 expression. In patients with NSCLC, CD70 
expression was correlated with a mesenchymal phenotype (Figure 3A, left) and with 

expression of the EMT transcriptional regulator, ZEB134,35 (Figure 3A, right). Likewise, 

CD70 gene expression correlated with an EMT gene expression signature and ZEB1 in 

NSCLC cell lines (n = 118; Figure 3B). We previously reported that overexpression of 

ZEB1 in HCC827 cells induced a mesenchymal phenotype and EGFR inhibitor resistance19. 

Here, we determined that overexpression of ZEB1 resulted in increased CD70 mRNA and 

cell surface expression of CD70 as determined by real-time PCR and flow cytometry, 

respectively (Figure 3C&D).
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Activation of the transforming growth factor beta (TGF-β) signaling axis in EGFR mutant 

NSCLC cells is sufficient to induce EMT and EGFR TKI resistance36,37. Consistent with 

this earlier report, we observed that EGFR TKI resistant cells displayed an enriched TGF-β 
expression signature as determined by gene set enrichment analysis (GSEA; Figure 3E). 

Given that TGF-β has been shown to modulate the expression of CD70 in immune cells 

and lymphomas38, we assessed the relationship between TGF-β and CD70 expression in 

NSCLC. Our analysis of TCGA data revealed a significant positive correlation between 

TGFB1 expression and CD70 in NSCLC tumors (p < 0.001; Figure 3F). To evaluate the 

effect of TGF-β on CD70, we treated H1975, HCC827, and HCC4006 parental cells with 

10 ng/ml TGF-β for 28 days and evaluated expression of ZEB1 and CD70. In all three 

cell lines, TGF-β induced expression of the EMT regulator ZEB1 (Figure 3G) as well as 

CD70 (Figure 3H). Cell surface expression of CD70 was also increased in all three cell lines 

following exposure to TGF-β (Figure 3I). Using a publicly available RNAseq dataset39, we 

observed that induction of EMT in HCC827 cells through knockdown of CDH1 similarly 

resulted in enhanced expression of CD70 (Figure S2A-E). Taken together, these results 

indicate that expression of CD70 in EGFR TKI resistant cells is linked to the acquisition of a 

mesenchymal phenotype.

Epigenetic regulation of CD70 in EGFR TKI resistant cells

Promoter methylation has been reported as a mechanism by which CD70 expression is 

regulated in immune and leukemia cells40–42. To assess the relationship between promoter 

methylation and CD70 expression in NSCLC cells, we compared CD70 mRNA expression 

as determined by RNA-seq and CD70 promoter methylation status in 68 NSCLC cell lines 

and observed a highly significant inverse correlation between CD70 promoter methylation 

and CD70 mRNA (p = 4.08e-5; Figure 3J). Moreover, we observed significantly lower 

CD70 promoter methylation in mesenchymal cell lines as compared to epithelial NSCLC 

cell lines (p = 0.034; Figure 3K). We next assessed CD70 promoter methylation in NSCLC 

cells with acquired EGFR TKI resistance and found that in ER and OR cells that developed 

resistance through EMT, CD70 promoter methylation was reduced, whereas in cells where 

resistance was mediated by MET amplification or T790M, CD70 promoter methylation was 

unchanged relative to parental cells (Figure 3L). We next treated HCC827 and H1975 cells 

with the hypomethylating agent, decitabine (1 μM), and observed a significant rise in CD70 
mRNA expression (Figure 3M).

Activation of CD70 stimulates signal transduction and invasive pathways in EGFR TKI 
resistant cells

To determine whether CD70 promotes tumor cell proliferation in EGFR TKI resistant 

cells, we treated H1975 OR5 and H1975 OR16 cells with siRNA targeting CD70 and 

evaluated tumor cell growth rate by Cell Titer Glo assay. While siRNA targeting CD70 

did not impact the growth rate of parental H1975 cells (Figure 4A), knockdown of CD70 

significantly impaired the growth rate of H1975 OR5 and H1975 OR16 cells (Figure 4B&C; 

Figure S3A&B). Likewise, siRNA targeting CD70 significantly reduced the proliferation 

rate of HCC4006 OR2 and HCC827 ER6 cells (Figure S3C-E) but had a minimal effect 

on HCC827 parental cells (Figure S3F). Moreover, siRNA-mediated knockdown of CD70 
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significantly reduced tumor cell migration in EGFR TKI resistant cells as determined by 

Boyden chamber assay (Figure 4D&E; Figure S3G&H).

Binding of CD27 to CD70 activates PI3K and MAPK pathways in lymphocytes 43,44. We 

stimulated EGFR TKI resistant cells with recombinant human soluble CD27 (rhsCD27) 

and assessed activation of these signal transduction pathways by Western blotting. rhsCD27 

induced phosphorylation of Akt and ERK1/2 in all EGFR TKI resistant cell lines tested 

(Figure 4F-I) but did not trigger phosphorylation of Akt and ERK1/2 in parental cells 

(Figure S3I&J). Given that the PI3K/Akt and MAPK/ERK pathways regulate proliferation 

and migration, we next assessed the impact of rhsCD27 on these cellular programs. In 

HCC4006 OR2, HCC4006 OR7, and H1975 OR16, rhsCD70 treatment for 5 days did not 

enhance the number of viable cells alone or in the presence of osimertinib (Figure S3K-M). 

In H1975 OR5 cells, rhsCD27 induced a modest yet significant increase in viable cells 

(Figure S3N). Treatment with rhsCD27 did, however, induce a more striking increase in 

tumor cell migration in OR2 and OR5 EGFR TKI resistant cells (Figure 4J). These results 

suggest that the binding of CD27 to CD70 activates intracellular pathways and induces 

migration although there appeared to be less of an impact on cell survival in this setting.

CD70 expression alone is not sufficient to induce EGFR TKI resistance

To assessed whether expression of CD70 alone was sufficient to induce EGFR TKI 

resistance, HCC827 cells were transfected to overexpress CD70 (Figure 4K), and sensitivity 

to osimertinib was evaluated by Cell-Titer Glo assay. HCC827 CD70 cells were sensitive 

to EGFR inhibition and displayed IC50 values similar to HCC827 control cells (Figure 4L). 

Moreover, CD27 stimulation of HCC827 CD70 cells did not affect sensitivity to EGFR 

inhibition (Figure 4M). These results indicate that while CD70 is upregulated in cells 

with acquired EGFR TKI resistance, CD70 expression alone does not confer therapeutic 

resistance when expressed in the context of an epithelial phenotype.

Upregulation of CD70 is an early event in the evolution of EGFR TKI resistance

Re-activation of signal transduction pathways downstream of EGFR has been shown to be a 

critical step in the development of resistance to EGFR TKIs 45,46. Consistent with this, we 

observed that while treatment of EGFR mutant NSCLC cells with osimertinib resulted in 

inhibition of EGFR and diminished ERK phosphorylation, reactivation of ERK1/2 could be 

observed in the surviving population of cells after 72 hours (Figure 5A-C). Real-time PCR 

analysis revealed that within 72 hours of osimertinib treatment RNA levels of ZEB1 and 

CD70 were significantly upregulated (Figure 5D&E). Next, HCC4006 and HCC827 cells 

were treated with erlotinib for 10 days to generate drug-tolerant persister cells (DTPCs) and 

protein expression was evaluated by reverse phase protein array (RPPA). Erlotinib-treated 

DTPCs displayed an intermediate EMT phenotype with decreased expression of β-catenin 

and significantly increased expression of mesenchymal proteins including fibronectin, Axl, 

and ZEB119 (Figure 5F). Similar results were obtained with HCC4006 cells treated with 

osimertinib for 10 days (Figure 5G). HCC827, HCC4006 and H1975 osimertinib-treated 

DTPCs also displayed a significant increase in gene expression of ZEB1 and CD70 as 

compared to control cells (Figure 5H&I). Likewise, cell surface expression of CD70 was 

increased on DTPCs as determined by flow cytometry (Figure 5J-L) and Western blotting 
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(Figure 5M). Taken together, these findings indicate that upregulation of CD70 occurs in 

DTPCs and hence is an early event in the acquisition of a drug resistant phenotype.

CD70-Antibody drug conjugates (ADC) have activity against EGFR TKI resistant cells in 
vitro

We next assessed whether the CD70 antibody cusatuzumab conjugated to the toxin 

monomethyl auristatin E (MMAE) could effectively target CD70 expressing NSCLC cells 

in vitro. HCC827 cells with or without CD70 expression were treated with cusatuzumab-

MMAE for 24 hours and cell viability was evaluated after 5 days. HCC827 CD70 cells but 

not HCC827 control cells were sensitive to CD70 ADC treatment (Figure 6A). Likewise, 

H1975 OR cells (Figure 6B&C) were more sensitive to cusatuzumab-MMAE than parental 

cells. Similar results were obtained using the CD70 ADC vorsetuzumab-MMAE (Figure 

S4A&B). We observed heterogeneity in sensitivity to cusatuzumab-MMAE among EGFR 

TKI resistant cells as HCC4006 OR and MDA-L-011 cells were resistant to CD70-ADC 

treatment despite being CD70 positive (Figure S4C). MDA-L-011 cells were found to be 

relatively resistant to the MMAE payload by Cell Titer Glo assay (Figure S4D).

CD70-directed CAR T cells effectively target EGFR TKI resistant cells and DTPCs

Adoptive cell therapies have shown promise in targeting therapeutic-resistant malignancies, 

although suitable targets for this approach have yet to be validated in the context of EGFR 

TKI resistance. To investigate this approach, we evaluated whether CAR T cells could be 

designed to target CD70 using three different approaches: i) by incorporating the scFv 

derived from cusatuzumab, ii) incorporating a CD70 monoclonal antibody (P91), or iii) 

using a truncated form of CD27 which can bind CD70 on target cells (Figure S5). We 

incubated HCC827 cells with or without CD70 expression with CD70-targeting CAR T cells 

for 4 hours and observed potent cell killing of HCC827 CD70 cells but not HCC827 control 

cells (Figure 6D) indicating that this CD70-targeting approach was specific and cytotoxic. 

Moreover, CD70-targeting CAR T cells effectively killed HCC4006 OR cells (Figure 6E) 

but not parental HCC4006 cells (Figure 6F). We next assessed whether CD70-targeting 

CAR T cells had activity against a patient-derived model of EGFR TKI resistance. MDA-

L-011 cells were cultured with CAR T cells for 2 hours and cell lysis was evaluated by 

chromium release assay. CD70-targeting CAR T cells effectively killed MDA-L-011 cells 

with significantly greater activity than control T cells (Figure 6G).

Our analysis of DTPCs indicated that upregulation of CD70 is an early event in the 

development of resistance to EGFR TKIs. Therefore, we next assessed whether EGFR TKI 

DTPCs activate and can be targeted by CD70-targeting CAR T cells. HCC827 osimertinib-

derived DTPCs were cultured with or without CD70targeting CAR T cells for 2 hours, 

and CD107a expression on T cells was evaluated by flow cytometry as a marker of T 

cell activation. HCC827 DTPCs triggered a significant upregulation of T cell-expressed 

CD107a as compared to HCC827 control cells (Figure 6H). Notably, HCC827 DTPCs 

induced CD107a on T cells at a level similar to that induced by HCC827 cells engineered to 

overexpress CD70, and CD70-targeting CAR T cells effectively killed HCC827 DTPCs but 

not parental cells (Figure 6I).
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CD70-targeting CAR NK cells have activity against EGFR TKI resistant cells

We generated CD70-targeting CAR NK cells expressing the scFv derived from 

cusatuzumab, the CD70 antibody (P91), or a truncated form of CD27 (Figure S5). 

CD70-targeting CAR NK cells showed significantly greater activity against HCC827 cells 

expressing CD70 as compared to parental HCC827 cells (Figure 6J). Likewise, CD70-

targeting CAR NK cells had greater killing activity against HCC4006 OR cells than 

HCC4006 parental cells (Figure 6K). In order to recapitulate the heterogeneous tumor 

microenvironment, we next co-cultured HCC4006 cells transfected to express GFP with 

non-GFP HCC4006 OR7 cells and treated the mixed cultures with wild-type NK cells 

or CD70-targeting CAR (trCD27) NK cells with or without osimertinib. After 7 days, 

the surviving fraction of each cell line was evaluated by flow cytometry to distinguish 

between HCC4006-GFP and HCC4006 OR7 cells (Figure 6L). In parallel, total cell 

viability was assessed by clonogenic assay (Figure 6M). Treatment with CD70 CAR NK 

cells preferentially killed HCC4006 OR7 cells whereas osimertinib preferentially killed 

HCC4006-GFP cells. EGFR inhibition in combination with CD70 targeting resulted in 

depletion of both parental and osimertinib resistant cells.

CD70 ADCs and CD70-targeting CAR NK cells have in vivo anti-tumor activity

We next assessed whether CD70-targeting strategies had activity against CD70 positive 

tumor cells in vivo. HCC827 CD70 cells were injected subcutaneously into mice. Once 

tumors reached approximately 80 mm3 animals were randomized to receive IgG control 

antibodies, the CD70 ADC cusatuzumab-MMAE, or the CD30 ADC brentuximab-MMAE 

which was utilized a negative control as it bears the same payload but targets CD30 

which is not expressed on HCC827 cells. Tumor growth was inhibited by cusatuzumab-

MMAE but not by IgG control antibodies or the control ADC (Figure 7A). In parallel, a 

subset of mice was randomized to receive control NK cells or NK cells expressing CARs 

targeting CD70. While treatment with control NK cells did not impact tumor growth, 

treatment with CD70-targeting CAR NK cells resulted in complete regression of HCC827 

CD70 tumors (Figure 7B). Similarly, H1975 OR17 cells were injected subcutaneously 

into mice and once tumors reached approximately 90 mm3 animals were randomized to 

receive control antibodies, osimertinib, cusatuzumab-MMAE, or osimertinib in combination 

with cusatuzumab-MMAE. Cusatuzumab-MMAE treatment resulted in complete tumor 

regression of H1975 OR17 tumors (Figure 7C; p < 0.0001 vs control). Likewise, CD70-

targeting CAR-NK cells demonstrated potent anti-tumor activity against H1975 OR17 

tumors (Figure 7D; p < 0.0001).

DISCUSSION

For NSCLC patients harboring EGFR activating mutations, EGFR TKI resistance commonly 

occurs via EGFR-dependent or RTK-bypass mechanisms- such as secondary EGFR 

mutations (e.g. T790M) or MET amplification- or through mechanisms associated with a 

“rewiring” of cell lineage, such as EMT. The latter is particularly problematic as there 

are no known targeted approaches approved in these cases. To address this critical unmet 

need, we have conducted an integrative analysis of cell surface proteins upregulated in 

EMT-associated TKI resistance and identified that CD70 is markedly upregulated on the cell 
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surface of EGFR mutant NSCLC cells that have developed resistance independent of EGFR 

or MET. While CD70 expression alone was not sufficient to induce a resistant phenotype in 

cells that had not undergone EMT, in the context of EMT-associated TKI resistance CD70 

regulated cell survival and invasiveness. Our preclinical findings were supported by clinical 

data indicating that CD70 is upregulated in EGFR TKI refractory patients. Moreover, we 

determined that the upregulation of CD70 is an early event in the evolution of EGFR TKI 

resistance occurring in DTPCs. Finally, we demonstrated that CD70 on resistant cells could 

be exploited using antibody-based and adoptive therapy approaches to effectively target 

EGFR TKI resistant cells.

CD70 has been considered an attractive therapeutic target for malignancies in which it 

is overexpressed as CD70 is highly restricted and nearly absent on normal tissue26,27. 

Indeed, high CD70 positivity have been observed in renal, melanoma, pancreatic, ovarian, 

and breast cancer cells47–50. A report by Jacobs et al. assessing the frequency of CD70 

expression in lung cancer determined that approximately 16% of NSCLC patient biopsies 

were positive for CD70, and 40% of NSCLC samples with tumors staged at T4 were 

CD70 positive51. Among treatment-naïve EGFR mutant positive cases, CD70 expression 

was not observed51. Consistent with this, we found that CD70 expression was low or absent 

on EGFR mutant treatment-naïve NSCLC cells and that CD70 expression was elevated 

following TKI treatment. While factors within the tumor microenvironment may contribute 

to the development of TKI resistance and influence the resistant phenotype that emerges, 

our observation that CD70 is upregulated in cell line models of resistance as well as in 

clinical specimens suggests that this is a cell autonomous effect. Resistance to EGFR TKIs 

can occur through several mechanisms including secondary EGFR mutations, activation of 

bypass pathways, or EMT, and multiple mechanisms may be present in a single tumor or 

patient. Therefore, multiple targeting strategies may be needed to effectively target resistant 

disease. In our immunohistochemical analysis of osimertinib-refractory specimens, we 

observed moderate to high CD70 staining intensity in the majority of specimens, supporting 

a role for CD70 targeting in cases where EMT-associated resistance has occurred.

Our finding that CD70 can be detected in DTPCs indicates that CD70 upregulation is 

an early event in the evolution of EGFR TKI resistance. DTPCs are distinct from drug 

resistant cells in that DTPCs display a transient and flexible resistant state and these cells 

may remain quiescent or clinically invisible for prolonged periods of time, but eventually 

progress to become fully resistant cells which resume growth and metastatic spread. Given 

that DTPCs are not rapidly dividing it is expected that they may be refractory to ADC-based 

approaches that utilize a payload targeting dividing cells such as MMAE. However, we show 

that CD70 CAR T cells effectively target osimertinib DTPCs indicating that CD70-based 

adoptive therapy approaches may be highly effective early in the course of TKI treatment 

as a strategy to target DTPCs rather than waiting until the emergence of drug resistance. 

Upon binding of CD70 to CD27 metalloproteinases cleave the extracellular domain of 

membrane-bound CD27 to generate soluble CD27 (sCD27) which can be detected in 

the circulation52–54. In NSCLC patients, elevated sCD27 was associated with a worse 

prognosis51. Thus, it is feasible that circulating sCD27 could serve as a biomarker to identify 

EGFR mutant NSCLC patients likely to respond to CD70-based targeting approaches.
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Here, we evaluated multiple targeting strategies to exploit the elevated CD70 expression on 

EGFR TKI resistant cells. While anti-CD70 ADCs were highly effective against the vast 

majority of resistant tumor cell lines tested, we did observe heterogeneity in sensitivity 

which could be explained by reduced sensitivity to the payload in one of the models. 

However, CAR T and CAR NK-based CD70 targeting approaches were highly effective 

against resistant cells including those that were resistant to anti-CD70 ADCs. NK cells are 

an attractive alternative CAR-engineered effector cells because while CAR T cells must be 

generated from the patient’s own lymphocytes, CAR NK cells do not require HLA matching 

and thus may represent an off-the-shelf approach for CD70-targeting adoptive therapy.

Acquired EGFR TKI resistance is associated with re-activation of downstream signaling 

pathways including the PI3K and MAPK pathways45,46. We observed that in EGFR TKI 

resistant cells, stimulation of CD70 with exogenous CD27 triggered activation of AKT 

and MAPK pathways. Therefore, it is feasible that within the tumor microenvironment 

interactions between CD70-positive DTPCs or EGFR TKI resistant cells and CD27-positive 

immune cells may facilitate tumor cell survival and invasiveness. Likewise, while this report 

focused on the cell autonomous role of CD70 in the context of EGFR TKI resistance, 

tumor cell expressed CD70 likely also contributes to immune cell evasion. Several studies 

have investigated the potential contribution of tumor-derived CD70 on immune escape and 

suggested that interactions between CD70-positive tumor cells and T cells can induce a shift 

towards a pro-tumor T regulatory phenotype51,55,56, induce apoptosis of lymphocytes57–59, 

or promote T cell exhaustion60. Future studies investigating the role of CD70 in facilitating 

anti-tumor immunity in EGFR mutant NSCLC are warranted as this patient population is 

refractory to immunotherapy20.

Our finding that CD70 is overexpressed in cells with acquired TKI resistance mediated 

by EMT has important implications beyond EGFR mutant NSCLC. In NSCLC preclinical 

models EMT has been shown to be a mechanism of resistance to other targeted agents 

including KRAS G12C inhibitors61 and ALK inhibitors62. Given our observation that CD70 

expression is associated with a mesenchymal phenotype in cell lines and patient samples, 

CD70 may be a therapeutic target for NSCLC cells with acquired resistance to inhibitors 

beyond EGFR.

Effective therapeutic strategies are sorely needed for patients with EGFR mutant NSCLC 

with acquired EGFR TKI resistance. We report that CD70 is upregulated on EGFR TKI 

resistant cells that have undergone EMT and that CD70 expression on the surface of tumor 

cells can be exploited using ADC and CAR-based approaches. These findings support the 

future clinical testing of CD70-based targeting approaches in EGFR mutant NSCLC patients 

in conjunction with EGFR TKIs to eradicate DTPCs, and in patients with EMT-associated 

TKI resistance.
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STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, John V. Heymach 

(jheymach@mdanderson.org).

Materials Availability: Cell lines generated in this study will be made available upon 

request and completion of a Material Transfer Agreement.

Data and Code Availability: The PROSPECT dataset has been detailed previously28, 

and PROSPECT gene expression data are available at GEO accession GSE42127. 

Gene expression data for EGFR TKI resistant cell lines are available at GSE121634 

as described previously19. NSCLC cell line gene expression data are available at 

GEO accession GSE4824. Gene expression data from HCC827 cells with or without 

CDH1 knockdown are available at GSE12303139. Transcriptomic data from cell lines 

derived from erlotinib-resistant patient biopsies are available at GSE64322 (super-series 

GSE64766)30. scRNAseq data was reported previously31. The dataset of matched baseline 

and osimertinib-refractory clinical samples32 is associated with accession number dbGaP: 

phs002001. For the analysis of CD70 expression and outcome among EGFR TKI refractory 

patients, we utilized a publicly available clinical dataset for which sequencing data was 

deposited in the European Genome-phenome Archive (EGA, EGAS00001005389, http://

www.ebi.ac.uk/ega/) and clinical records, mutations, gene expression data, were hosted 

in OncoSG (https://src.gisapps.org/OncoSG/) as reported previously33. Clinical outcome 

data was accessed using the portal: https://src.gisapps.org/OncoSG_public/study/summary?

id=GIS023. The TCGA-LUAD clinical cohort has been previously reported63. Clinical 

information and gene expression data were obtained through the TCGA portal (https://tcga-

data.nci.nih.gov/tcga/dataAccessMatrix.htm). TCGA-LUAD and publicly available datasets 

(GSE14814, GSE19188, GSE29013, GSE30219, GSE31210, GSE3141, GSE31908, 

GSE37745, GSE43580, GSE4573, GSE50081, GSE8894, CAARAY) were used to assess 

CD70 expression and overall survival through kmplotter.com64.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—Cell lines were obtained from ATCC and Dr. John Minna (UT Southwestern). 

Cell lines were authenticated by DNA fingerprinting and tested for the presence of 

Mycoplasma. Under an Institutional Review Board-approved protocol at MD Anderson 

Cancer Center, MDA-L-011 cells were established from the pleural effusion of a patient 

with EGFRL858R-positive NSCLC with acquired resistance to erlotinib, and MDA-L-004K 

cells were established from an EGFR exon 20 insertion positive NSCLC patient with 

acquired resistance to poziotinib. HCC827 cells expressing ZEB1 were generated using 

Lipofectamine LTX (Thermofisher) with ZEB1 cloned into the pcDNA3.1(+) vector (79663, 

Addgene)19. YUL-0019 cells were obtained from Dr. Politi (Yale Medical School)65. 

EGFR TKI resistant HCC827, H1975, and HCC4006 were established as previously 

described19,66. rhCD27 Fc (382-CD-100, R&D systems) was used at a concentration of 

500 ng/ml. NSCLC cell lines were cultured using RPMI media containing 10% FBS and 
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1% penicillin/streptomycin. PBMCs were cultured in RPMI supplemented with 10% FBS, 2 

mM GlutaMAX, 100 U/mL penicillin, and 100 μg/mL streptomycin. CAR-T and CAR-NK 

cells were cultured in RPMI media containing 10% FBS and 1% penicillin/streptomycin 

media supplemented with 100 U/mL or 200 U/ml IL-2 (Peprotech), respectively. 293T cells 

were cultured in DMEM containing 10% FBS and 1% penicillin/streptomycin. All cells 

were cultured at 37 °C.

Mice—All animal studies were approved by the Institutional Animal Care and Use 

Committee at the University of Texas MD Anderson Cancer Center. Animals were housed 

under pathogen-free conditions in facilities approved by the Association for Assessment and 

Accreditation of Laboratory Animal Care and in accordance with current regulations and 

standards of the United States Department of Agriculture and NIH guidelines. Female NSG 

mice were purchased from Jackson Labs. At the time of the studies, the mice were 8 weeks 

old. Animals were randomly assigned to control or treatment groups. No statistical method 

was used to predetermine the sample size.

Human samples—Biospecimens including tissues, biopsies, and patient-derived cells 

were obtained after patients gave informed consent, under protocols approved by 

Institutional Review Boards at participating institutions. Studies were conducted in 

accordance with the Declaration of Helsinki. Osimertinib-refractory specimens were 

collected from EGFR mutant NSCLC patients at MD Anderson Cancer Center enrolled 

in a phase 1b trial (NCT04479306).

METHOD DETAILS

RT-PCR—Total RNA was isolated using TRIzol® Reagent (Invitrogen) according to 

the manufacturer’s protocol. RT-PCR was performed as previously described 66. For 

experiments involving decitabine treatment, cells were treated daily with decitabine (1 μM; 

Sigma) for 10 days; RNA was isolated as listed above.

Clinical cohorts—Clinical information and gene expression data for lung 

adenocarcinomas included in TCGA-LUAD dataset were obtained through the TCGA 

portal (https://tcga-data.nci.nih.gov/tcga/dataAccessMatrix.htm). We applied an EMT gene 

expression signature as previously described24. We analyzed CD70 expression and clinical 

outcome using kmplotter.com64 using the top and bottom tertile as the cutoff for high and 

low CD70 expression. For the analysis of CD70 expression and outcome among EGFR 

TKI refractory patients, we utilized a publicly available clinical dataset33 using the portal: 

https://src.gisapps.org/OncoSG_public/study/summary?id=GIS023. For the analysis of OS, 

we performed ROC analysis on the available DFS data and calculated Youden J to define the 

best threshold for defining the CD70 high cases. This cutoff was then applied to the OS data 

using log-rank test and cox-proportional hazard ratio. Single cell RNA sequencing analysis 

of clinical specimens was described previously31. Differences in change of EMT-Score and 

CD70 expression was calculated from a publicly available dataset with 10 pairs of matched 

baseline and post-osimertinib treated samples using RNAseq32. EMT-Score was calculated 

as highlighted previously67 and differences were calculated by subtracting the progression 

values from the baseline valued for each pair. Correlation was calculated using Spearman 
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correlation. The Profiling of Resistance patterns and Oncogenic Signaling Pathways in 

Evaluation of Cancers of the Thorax (PROSPECT) dataset included 189 surgically resected 

tumors, collected between 2006 and 2010. Gene expression analysis has been reported 

previously68–70. Clinical specimens used for immunohistochemical analysis of CD70 were a 

mixture of biopsies and surgically resected tumors from NSCLC patients. Treatment naïve, 

EGFR mutant NSCLC tumor specimens (n = 16) were purchases from AMSBIO. The stages 

of these tumors ranged from stage I to III. The specific catalog/specimen ID numbers are 

as follows: NGT-NSCLC 2107243, NGT-NSCLC 2107245, NGT-NSCLC 2107249, NGT-

NSCLC-1907106, NGT-NSCLC-1907128, NGT-NSCLC-1907132, NGT-NSCLC1907143, 

NGT-NSCLC-1907144, NGT-NSCLC-1907148, NGT-NSCLC-1907149, NGT-

NSCLC-1907502, NGT-NSCLC-2106440, NGT-NSCLC-2106462, NGT-NSCLC-2106467, 

NGT-NSCLC-2106469, NGT-NSCLC-2107008. Osimertinib-refractory specimens were 

collected from EGFR mutant NSCLC patients at MD Anderson Cancer Center. These 

patients were treated with first line osimertinib and at the time of progression were enrolled 

in a phase 1b trial (NCT04479306). Biopsy was taken at the time of progression on 

osimertinib.

CD70 IHC—For IHC analysis of CD70, formalin-fixed paraffin embedded slides were 

incubated at 60C for 1 hour. Slides were deparaffinized and rehydrated using a series 

of washes (xylene 5 minutes, thrice; 100% ethanol for 2 minutes, twice; 95% ethanol, 

3 minutes; 70% ethanol, 3 minutes; 50% ethanol, 3 minutes; water, 5 minutes, twice). 

Antigen retrieval was performed using Target retrieval solution (pH 9, Cat#S236783–2; 

Aligent) in a steamer for 35 minutes and then cooled for 30 minutes at room temperature. 

Endogenous peroxidases were blocked using 3% H202 for 12 minutes. Blocking was 

performed using a solution of 5% normal horse serum and 1% normal goat serum in PBS. 

Slides were then incubated in anti-CD70 antibodies (Cat#Ab300083, RRID: AB_2924231; 

Abcam) at a dilution of 1:500 in blocking buffer overnight at 4C. After washing in 

PBS, VECTASTAIN ABC kit (PK-6101; Vector Laboratories) was applied according the 

manufacturer’s instructions. After washing in PBS, slides were developed using ImmPACT 

DAB substrate kit (Cat#SK-4105, Vector Laboratories) for 5 minutes. Quantification 

of CD70 staining was performed by a pathologist who was blinded from the clinical 

information of the specimens. Overall scoring was calculated as positive staining intensity (0 

= negative; 1 = weak; 2 = moderate; 3 = strong) multiplied by the percent positivity.

Generation of drug-tolerant persister cells—For RPPA analysis of DTPCs, HCC827 

or HCC4006 cells were plated onto 15 cm tissue culture dishes and following a 24-hour 

incubation were treated with 500 nM erlotinib (Cat#S1023, Selleck Chemicals) or 200 nM 

osimertinib (Cat#S7297, Selleck Chemicals). Media was replenished every 2 days. Protein 

was isolated after 10 days and processed for analysis by RPPA as reported previously19. 

Similarly, HCC827 cells were treated with 100 nM osimertinib, HCC4006 cells were treated 

with 200 nM osimertinib, and H1975 cells were treated with 500 nM osimertinib. After 

14 days RNA and protein were extracted for real-time PCR analysis and Western blotting, 

respectively, and cells were stained for flow cytometry analysis.

Nilsson et al. Page 14

Cancer Cell. Author manuscript; available in PMC 2024 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT04479306


Reverse phase protein array—Whole cell lysates were collected and RPPA slides 

were printed from lysates as described previously 71. The SuperCurve method was used 

to quantify protein concentration 72. RPPA data were analyzed using R packages (version 

2.10.0)73.

siRNA-mediated knockdown of CD70—CD70-targeting siRNA (siCD70–1, 

SI04277182; siCD70–3, SI00748713; siCD70–7, SI05078178) and control siRNA 

(1027281) were purchased from Qiagen. Cells were plated in antibiotic free media and after 

an overnight incubation siRNA was delivered using Lipofectamine RNAiMAX (Invitrogen). 

For assessing growth rate following CD70 knockdown, 72 hours after the addition of siRNA, 

cells were seeded into wells of a 364-well (200 cells/well). After 4 hours, baseline cell 

viability was evaluated by Cell Titer Glo (Promega). For 4 subsequent days, additional plates 

were read using Cell Titer Glo. Likewise, for evaluating the effect of CD70 knockdown on 

cellular migration, cells were seeded at a density of 30,000 cells/Boyden chamber (8.0-μm 

pore size; Fisher Scientific) 72 hours after introduction of siRNA and allowed to migrate for 

24 hours. Migrating cells were counted by brightfield microscopy.

Western blotting—For analysis of protein abundance of CD70, were plated onto 10-

cm dish and once cells reached 70% confluency, whole cell lysates were collected 

and analyzed by Western blotting. For experiments assessing the impact of rhsCD27 

on signal transduction pathways, cells were plated into 10-cm dishes and after a 24-

hour incubation period were serum starved for 24 hours. Cells were then stimulated 

with 500 ng/ml rhCD27 (382-CD-100, R&D systems) 74 for the indicated times. For 

experiments assessing the impact of osimertinib on EGFR and ERK1/2 activation, 

HCC4006, HCC827, and H1975 were treated with 200 nM osimertinib (S7297, Selleck 

Chemicals) for the indicated times and then washed protein lysates were collected and 

analyzed by Western blotting. Antibodies for detection of CD70 (Cat#72094; RRID: 

AB_2924230, Cell Signaling), p-ERK (Cat#9106; RRID: AB_331768, Cell Signaling), ERK 

(Cat#9102; RRID: AB_330744, Cell Signaling), EGFR (Cat#4267; RRID: AB_2246311, 

Cell Signaling), p-EGFR (Cat#3777; RRID:AB_2096270, Cell Signaling), p-Akt (Cat#9275; 

RRID: AB_329828, Cat#9271S; RRID: AB_329825, 13038, Cell Signaling), and Akt 

(Cat#9272; RRID: AB_329827, Cell Signaling) were used at a dilution of 1:1000. 

Antibodies for detection of vinculin (Cat#V9131; RRID:AB_477629, Sigma-Aldrich) and 

β-actin (Cat#A5441; RRID: AB_476744, Sigma-Aldrich) were used at a dilution of 

1:10,000. HRP-conjugated secondary antibodies were obtained from BioRad at a dilution 

of 1:3000.

RNA sequencing and surfaceome analysis—As previously reported19, RNAseq 

expression profiling of ER cell lines was performed in triplicate using the Illumina Human 

76nt PE format. For analysis of expression of surfaceome genes, RNAseq data was filtered 

to include only genes which transcribed proteins localized to the cell surface according 

to the subcellular location data of the Human Proteom Atlas (HPA, RRID:SCR_006710; 

https://www.proteinatlas.org/) and all genes encoding cluster of differentiation (CD) 

proteins.
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DNA methylation analysis in NSCLC cell lines—Methylation status of 68 NSCLC 

cell lines was evaluated using the Illumina HumanMethylation27 beadchip as previously 

reported. This data was integrated along with gene expression profiling75. Additionally, 

primary cell lines as well as osimertinib and erlotinib resistant clones have been analyzed 

using Reduced Representation Bisulfite Sequencing (RRBS). Briefly, 100ng of RNA was 

processed using the Ovation RRBS Methyl-Seq kit (Tecan Group Ltd., Zurich, Switzerland). 

Sequencing was performed in a single Read 57 bp configuration on a Illumina HiSeq 3000 

sequencer. Data processing was performed using Bismark v 0.22. Annotations of methylated 

regions was performed using the annotatr package and the Hg38 database.

Generation of CD70 CAR T and NK cells—CD70 CAR (trCD27) was generated 

using truncated CD27 (extracellular and transmembrane domains), 4–1BB intracellular 

domain, and CD3ζ intracellular domain. CD70 CAR (cusatuzumab) was generated using 

single-chain variable fragment derived from cusatuzumab, IgG2 CH2 and CH3 domains 

with N297Q mutation, CD28 transmembrane and intracellular domains, 4–1BB intracellular 

domain, and CD3ζ intracellular domain. Genes encoding these CARs were synthesized 

as gene fragments (Genewiz) and then cloned into an SFG retroviral expression vector 

(Cat#22493, Addgene). Retroviral supernatant was produced via co-transfection of 293T 

(Cat#CRL-3216, ATCC) cells with the plasmids encoding the CARs, the RD114 envelope 

protein, and packaging proteins (gag and pol). To generate CAR-T cells, PBMCs were 

activated with anti-CD3/CD28 Dynabeads (ThermoFischer Scientific) at a 1:1 ratio in 

RPMI-1640 complete media (10% FBS, 2 mM GlutaMAX, 100 U/mL penicillin, and 

100 μg/mL streptomycin) supplemented with 100 U/mL IL-2 (Preprotech). T cells were 

transduced with retroviral supernatant on plates coated with Retronectin (Takara) on days 3 

post activation. Anti-CD3/CD28 Dynabeads were removed 2 days later. CAR-T cells were 

then maintained at 0.5–1 × 106 cells/ml in the media supplemented with 100 U/mL IL-2 

(Peprotech). To generate CAR-NK cells, a feeder cell line was generated by transducing 

K562 (Cat#CCL-243, ATCC) cells with retrovirus encoding membrane-bound IL-21, 4–

1BBL, OX40L, and CD86, respectively. PBMCs were activated with 100 gray γ-ray 

irradiated feeder cells at a 1:2 PBMC:Feeder cell ratio in RPMI-1640 complete media 

supplemented with 200 U/mL IL-2 and 5 ng/mL IL-15 (ThermoFisher Scientific). NK cells 

were transduced with retroviral supernatant on plates coated with Retronectin (Takara) on 

days 4 or 5 post activation. CAR-NK cells were maintained at 0.5–1 × 106 cells/ml in the 

media supplemented with 200 U/mL IL-2. All CAR-T and CAR-NK cells were used after 

they reached a resting state, which is about 7 days after transduction and was confirmed by 

cell size on a flow cytometer.

CD70 CAR NK and T cell killing assays—To quantify killing activity of CD70 CAR-T 

and CAR-NK cells in vitro, luciferase (Luc) reporter assays and standard Chromium-51 

(51Cr) release assays were performed as indicated. For Luc reporter assays, the tumor cell 

lines were transduced with pHIV-Luc-ZsGreen (Cat#39196, Addgene) lentivirus to generate 

LUC-stable-expression cell lines. Target cells (Luc expressing tumor cells) were pre-seeded 

into 96-well white cell culture plate (ThermoFischer Scientific) at 1 × 104 cells in 100 μl 

complete media overnight. Effector cells (CAR-T and CAR-NK cells) were added to each 

well basing on indicated effector:target (E:T) ratio. The plate was then incubated at 37 °C 
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with 5% CO2 for 4 hours. Supernatant were gently discarded after the incubation, and 100 μl 

of D-luciferin (ThermoFischer Scientific) at 150 μg/ml were added. Luminescence was read 

using a FLUOstar OPTIMA multi-mode micro-plate reader (BMG Labtech). The percentage 

of specific lysis was calculated from luminescence as follows: ([Target only – experiment]/

[Target only – no target] × 100). For standard 51Cr release assays, target cells were labeled 

with 51Cr at 37 °C for 2 hours and then co-cultured with effector cells for 4 hours. The 

supernatants were collected and the released 51Cr was measured with a gamma counter. The 

percentage of specific lysis was calculated from counts for 51Cr release as follows: ([NK 

cells – medium]/[Triton x-100 – medium] × 100).

CD107a assay on CAR T cells—HCC827 and persister cells were pre-seeded into 

96-well plate at 1 × 104 cells in 100 μl complete media overnight. CAR-T cells were 

added to each well at a 1:1 ratio, as well as PE labeled anti-CD107a (Cat#555801; 

RRID:AB_396135, BD Biosciences) antibodies and GolgiStop (BD Biosciences). The 

reaction was incubated at 37 °C with 5% CO2 for 2 hours. The cells were collected and 

stained with anti-CD3 antibody (Cat#300325; RRID:AB_2616609, Biolegend) on ice for 30 

minutes. Expression of CD107a was determined by flow cytometry.

In vivo targeting of CD70—HCC827 CD70 cells (5 × 106) or H1975 OR17 cells (3 

× 106) were injected subcutaneously into 8-week-old female NSG (Cat#005557, Jackson 

Labs) mice. Animals were randomly assigned to control or treatment groups. For IgG 

and ADC treatments, animals were treated twice weekly (i.p.) with 3 mg/kg IgG control 

antibodies (Bio X Cell), brentuximab-MMAE (MD Anderson institutional pharmacy), or 

cusatuzumab-MMAE. For CAR-NK cell treatments, 1 × 107 of control NK cells (non-

transduced), CD70 CAR-NK cells (trCD27), or CD70 CAR-NK cells (Cusatuzumab) were 

i.v. injected in 100 μL HBSS each week for 3 weeks. 10,000 units of IL-2 and 100 ng of 

IL-15 were i.p. injected in 200 μL HBSS (ThermoFischer Scientific) on the same day and 

the next day of NK cells treatment.

QUANTIFICATION AND STATISTICAL ANALYSIS

For in vitro studies, as specified in the figure legend we used Student’s t test (two-tailed) or 

one-way ANOVA to test significance. The association between CD70 expression and EMT 

score or other gene expression was calculated using the Pearson or Spearman correlation 

coefficients. For multiple testing, P values were adjusted using false discovery rate (FDR). 

The survival curve between CD70 Low and High groups was estimated using the Kaplan-

Meier method. All P values were two-tailed and for all analyses, P ≤ 0.05 is considered 

statistically significant, unless otherwise specified.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• CD70 is upregulated on EGFR mutant NSCLC cells that have undergone 

EMT

• In EGFR inhibitor-resistant cells, CD70 regulates cell survival and 

invasiveness

• CD70 upregulation occurs in drug tolerant persister cells (DTPCs)

• Drug-resistant CD70+ tumors can be targeted with CD70-ADCs, CAR-Ts, 

and NKCARs
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Figure 1. CD70 is elevated in NSCLC cells with acquired, EMT-associated EGFR TKI resistance.
(A) Differential expression of genes transcribing cell surface proteins in erlotinib resistant 

(ER) and parental cells. (B) Mean CD70 expression ± SD in parental (H1975, HCC4006) 

and osimertinib-resistant (OR) variants. *p = 0.008. (C) CD70 expression by Western 

blotting. (D-F) Mean CD70 positivity ± SD by flow cytometry (n = 3–6). (G) Mean 

CD70 positivity ± SD in HCC827 and YUL-0019 cells as compared to MDA-L-011 and 

MDA-L-004K (n = 2–5). *p = 0.003. (H) Expression of CD70 and EMT-related genes in 

patient-derived models of erlotinib resistance. (I) scRNAseq analysis of CD70 in T790M 
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negative resistant cells that had undergone EMT31. (J) Change in expression of an EMT 

gene signature and CD70 in osimertinib-refractory and matched pre-treatment clinical 

samples. (K) Spearman correlation of differences in EMT-score and CD70 expression for 

10 patients with matched pre- and post-osimertinib treatment. Student’s t test was used for B 

and G.

See also Figure S1 and Tables S1 and S2.
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Figure 2. CD70 is increased in osimertinib-resistant NSCLC clinical samples.
(A) Violin plot of CD70 IHC score in specimens collected at baseline (n = 16) or after 

progression on osimertinib (n = 36). Dashed line = median; dotted lines = first and third 

quartile. Student’s t test. (B) Representative images of CD70 IHC. 400x magnification; scale 

bars = 20 μm. (C) CD70 staining intensity among osimertinib-refractory tumors. (D) Overall 

survival for EGFR TKI refractory NSCLC patients with high or low CD70. (E) Overall 

survival for NSCLC patients (TCGA-LUAD and GEO databases) with high or low CD70.
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Figure 3. CD70 expression is associated with EMT and epigenetic changes in EGFR mutant 
NSCLC cells.
(A and B) In NSCLC samples (TCGA-LUAD dataset; A) and across NSCLC cell lines 

(B), CD70 expression correlated with an EMT expression score (left) and ZEB1 (right). 

(C) Mean CD70 RNA expression ± SEM in HCC827 cells expressing ZEB1 (n = 3). *p = 

0.0096. (D) Mean CD70 positivity ± SD in HCC827 cells with or without ZEB1 (n = 3). 

*p < 0.0001. (E) GSEA analysis of TGFB expression signature in ER cells that acquired 

resistance through EMT. (F) Correlation of CD70 and TGFB1 among NSCLC patients 

(TCGA). (G & H) TGFβ (10 ng/ml) increased ZEB1 (G) and CD70 (H) mRNA. Mean ± 
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SD (n = 3–4). *p < 0.001. (I) Mean CD70 positivity ± SD following TGF-β treatment (n = 

2). *p < 0.001. (J) CD70 expression is associated with reduced CD70 promoter methylation. 

(K) CD70 promoter methylation in epithelial (E) and mesenchymal (M) NSCLC cell lines. 

Box plots depict the median (line) as well as the 25th and 75th percentile, with whiskers 

showing 1.5x the interquartile range (IQR). (L) CD70 promoter methylation in parental (P) 

and osimertinib resistant (OR) and erlotinib resistant (ER) cells. (M) Mean CD70 ± SD 

expression following exposure to decitabine (DEC; 1 μM; n = 3). *p < 0.0001. Student’s t 

test was used for C, D, G, H, I, K, M.

See also Figure S2.
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Figure 4. CD70 activates signal transduction in EGFR TKI resistant cells and regulates survival 
and invasive pathways.
(A-C) Growth rate of H1975, H1975 OR5, and H1975 OR16 following CD70 knockdown 

(n = 4). Data points are mean viability ± SD. p < 0.001. (D & E) Representative images and 

high-powered field (HPF) quantification of mean number of migrating H1975 OR16 cells ± 

SD after CD70 knockdown. *p < 0.0001. (n=3) Scale bars = 1000 μm. (F – I) p-AKT and 

p-ERK1/2 following stimulation with rhsCD27. (J) Mean number of migrating cells ± SEM 

following stimulation with rhsCD27 (n = 3). *p < 0.05; student’s t-test. (K) Mean CD70 

positivity ± SD in HCC827 cells engineered to overexpress CD70. (L & M) Osimertinib 
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(OSI) dose response curve for HCC827 cells with or without CD70 or rhsCD27. Mean ± SD 

(n = 3). One-way ANOVA was applied for A, B, C, E.

See also Figure S3.
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Figure 5. CD70 upregulation is an early event in the evolution of EGFR TKI resistance.
(A-C) Western blotting of HCC4006 (A), HCC827 (B), and H1975 (C) cells following 

treatment with osimertinib (OSI). (D & E) ZEB1 (D) and CD70 (E) RNA levels following 

OSI treatment (n = 3). *p < 0.05; **p < 0.001. (F & G) Protein expression by RPPA in 

control and DTPCs following erlotinib (ERL; F) and osimertinib treatment (OSI; G) (n = 

3). (H & I) ZEB1 and CD70 RNA in osimertinib-treated DTPCs (n = 3). *p < 0.05; **p < 

0.001. (J) CD70 positivity on osimertinib-derived DTPC (n = 3). *p = 0.016, HCC827; p = 

0.0086, HCC4006. (K) Representative flow cytometry data for CD70 expression on H1975 
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DTPCs. (L) CD70 positivity on osimertinib-derived DTPC (n = 3). *p <0.0001. (M) CD70 

expression in H1975 parental and DTPCs. All bars are mean ± SD. One-way ANOVA was 

applied for D and E; Student’s t test was applied for H, I, J, L.
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Figure 6. CD70 expression can targeted in EGFR TKI resistant cells.
(A) HCC827 cells with or without CD70 expression treated with cusatuzumab (Cus)-

MMAE. *p ≤ 0.01. (B) H1975 and OR cells treated with cusatuzumab-MMAE. *p ≤ 0.01. 

(C) Viability of H1975 and OR variants treated with cusatuzumab (Cus)-MMAE (3 μg/ml). 

*p < 0.5; **p < 0.0007. (D - G) Activity of CD70 CAR T cells against HCC827 cells 

with or without CD70 expression (D), HCC4006 OR cells (E), HCC4006 parental cells 

(F), or MDA-L-011 cells (G). *p < 0.01; *p < 0.001. (H) CD107a expression on CD70 

CAR T cells following incubation with HCC827 cells, HCC827 cells expressing CD70, and 

Nilsson et al. Page 34

Cancer Cell. Author manuscript; available in PMC 2024 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DTPCs. *p < 0.01; *p < 0.001. (I) Activity of CD70 CAR T cells against HCC827 cells 

and HCC827 DTPCs. (J &K) Activity of CD70-targeting CAR NK cells against HCC827 

cells with or without CD70 (J) or HCC4006 parental cells and HCC4006 OR variants (K). 

(L & M) Viability (L) and clonogenic growth (M) of HCC4006 (GFP+) and HCC4006 OR7 

(GFP-) cells grown as a mixed culture and treated with CD70-CAR NK (trCD27) cells, and 

osimertinib (OSI; 200 nM). *p < 0.0001. For all graphs, data shown as mean ± SD (n = 

3). Statistics were applied using multiple t tests (A, B, C), Student’s t test (H), or one-way 

ANOVA (M).

See also Figures S4 and S5.
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Figure 7. CD70 targeting has potent anti-tumor cell activity in vivo.
(A) Growth rate of HCC827-CD70 xenografts treated with CD70-targeting cusatuzumab 

(Cus)-MMAE, control IgG antibodies, or an irrelevant ADC - brentuzimab (Bren)-MMAE) 

(n = 9 mice/group). *p < 0.0001 vs control. (B) Effect of wild-type (WT) NK cells or 

CD70-targeting CAR NK cells on HCC827-CD70 xenografts (n = 9 mice/group). *p < 

0.0001. (C) Growth rate of H1975 OR17 xenografts treated with IgG antibodies, osimertinib 

(OSI), Cus-MMAE, or the combination (n = 7–8 mice/group). *p < 0.0001 vs control. (D) 

Growth H1975 OR17 xenografts treated with wild-type NK cells or CD70-targeting CAR 
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NK cells (n = 7–8mice/group). *p < 0.0001 vs control; p<0.0001 vs control NK cells. For all 

graphs, data are mean ± SEM.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-ZEB1 Cell Signaling Cat#3396; RRID: AB_1904164

Anti- E-cadherin Cell Signaling Cat#24E10; RRID: AB_2291471

Anti Axl Cell Signaling Cat#8661; RRID: AB_11217435

Anti-GAPDH Cell Signaling Cat#5174; RRID: AB_10622025

Anti-CD70 (for Western Blotting) Cell Signaling Cat#72094S; RRID: AB_2924230

Anti-CD70 (for immunohistochemistry) Abcam Cat#Ab300083; RRID: AB_2924231

Anti-CD70 (for flow cytometry) BD Biosciences Cat#355104; RRID: AB_2561430

Anti-CD27 BD Biosciences Cat#356410; AB_2561957

Anti-vinculin Sigma Cat#V9131; RRID:AB_477629

Anti-pAKT S473 Cell Signaling Cat#9271S; RRID: AB_329825

Anti-pERK 1/2 Cell Signaling Cat#9106; RRID: AB_331768

Anti-β-Tubulin Cell Signaling Cat#86298S; RRID: AB_2715541

Anti-ERK1/2 Cell Signaling Cat#9102S; RRID: AB_330744

Anti-AKT Cell Signaling Cat#9272; RRID: AB_329827

Anti-pAKT T308 Cell Signaling Cat# 9275S; RRID: AB_329828

Anti-pEGFR Cell Signaling Cat#3777; RRID:AB_2096270

Anti-EGFR Cell Signaling Cat#4267; RRID: AB_2246311

Anti-β-Actin Sigma Cat#A5441; RRID: AB_476744

Anti-CD3 Biolegend Cat#300325; RRID:AB_2616609

Anti-CD107a BD Biosciences Cat#555801; RRID:AB_396135

Custuzumab-MMAE MD Anderson Cancer Center N/A

Vorsetuzumab-MMAE MD Anderson Cancer Center N/A

Brentuzimab-MMAE MD Anderson Cancer Center 
Institutional Pharmacy

N/A

Bacterial and virus strains

Biological samples

Tumor biopsies (osimertinib refractory) This paper N/A

Tumor biopsies (baseline) AMSBIO

Chemicals, peptides, and recombinant proteins

Recombinant TGF-β R&D systems Cat#7754-BH-025

MMAE Selleck Chem Cat#S7721

Recombinant sCD27 R&D systems Cat#382-cd-100

CellTiter-Glo® 2.0 Cell Viability Assay Promega Cat#G9243

4–15% Criterion TGX Precast Midi Protein Gel BioRad Cat#5671084

SuperSignal™ West Pico PLUS Chemiluminescent Substrate Thermo Fisher Scientific Cat#34580

Erlotinib Selleck Chem Cat#S7788
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REAGENT or RESOURCE SOURCE IDENTIFIER

Osimertinib Selleck Chem Cat#S7297

Decitabine Selleck Chem Cat#S1200

Cell Lysis Buffer (10X) Cell Signaling Cat#9803

Critical commercial assays

ImmPACT DAB peroxidase substrate Vector laboratories Cat#SK-4105

VECTASTAIN Elite ABC kit Peroxidase HRP Vector laboratories Cat#PK-6101

Deposited data

Gene expression data from PROSPECT clinical dataset Ref: 68-70 GSE42127

Gene expression data for NSCLC cell lines Ref: 19 GSE121634

Gene expression data for NSCLC cell lines Ref: 9 GSE4824

Gene expression data for HCC827 with CDH1 knockdown Ref: 39 GSE123031

Gene expression data from erlotinib-resistant biopsies Ref: 30 GSE64322

Dataset of matched baseline and osimertinib-refractory 
samples

Ref: 32 dbGaP: phs002001

Dataset of EGFR TKI refractory patients Ref: 33 EGAS00001005389

TCGA Dataset Ref: 63 TCGA-LUAD

LUAD dataset Ref: 64 GSE14814

LUAD dataset Ref: 64 GSE19188

LUAD dataset Ref: 64 GSE29013

LUAD dataset Ref: 64 GSE30219

LUAD dataset Ref: 64 GSE31210

LUAD dataset Ref: 64 CAARAY

LUAD dataset Ref: 64 GSE8894

LUAD dataset Ref: 64 GSE50081

LUAD dataset Ref: 64 GSE4573

LUAD dataset Ref: 64 GSE43580

LUAD dataset Ref: 64 GSE37745

LUAD dataset Ref: 64 GSE31908

LUAD dataset Ref: 64 GSE3141

Experimental models: Cell lines

Human: MDA-L-011 MD Anderson Cancer Center N/A

Human: MDA-L-004K MD Anderson Cancer Center N/A

Human: HCC827 ATCC Cat#CRL-2868

Human: HCC4006 ATCC Cat#CRL-2871

Human: H1975 ATCC Cat#CRL-5908

Human: Raji ATCC Cat#CCL-86

Human: YUL-0019 Dr. Katerina Politi (Yale) N/A

Human: 293T ATCC CRL-3216

Human: K562 ATCC CCL-243 90071810

Human: PC9 Millipore Sigma Cat#90071810
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

NSG mice Jackson Labs Cat#005557

Oligonucleotides

siRNA targeting CD70 #1 Qiagen Cat#SI04277182

siRNA targeting CD70 #3 Qiagen Cat#SI00748713

siRNA targeting CD70 #7 Qiagen Cat#SI05078178

Control siRNA Qiagen Cat#1027281

CD70 Real Time PCR primers ThermoFisher Cat#4331182; Hs00174297_m1

ZEB1 Real Time PCR primers ThermoFisher Cat#4331182; Hs00232783_m1

GAPDH Real Time PCR primers ThermoFisher Cat#4331182;Hs00266705_91

Recombinant DNA

CD70 expression construct Addgene Cat#82003

SFG retroviral expression vector Addgene Cat#22493

pHIV-Luc-ZsGreen Addgene Cat#39196

Software and algorithms

GraphPad Prism Dotmatics https://www.graphpad.com/

FlowJo Becton, Dickenson & Company www.flowjo.com

Other
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