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ABSTRACT
Background  The antitumor activity of natural killer 
(NK) cells can be enhanced by specific targeting with 
therapeutic antibodies that trigger antibody-dependent 
cell-mediated cytotoxicity (ADCC) or by genetic 
engineering to express chimeric antigen receptors (CARs). 
Despite antibody or CAR targeting, some tumors remain 
resistant towards NK cell attack. While the importance of 
ICAM-1/LFA-1 interaction for natural cytotoxicity of NK 
cells is known, its impact on ADCC induced by the ErbB2 
(HER2)-specific antibody trastuzumab and ErbB2-CAR-
mediated NK cell cytotoxicity against breast cancer cells 
has not been investigated.
Methods  Here we used NK-92 cells expressing high-affinity 
Fc receptor FcγRIIIa in combination with trastuzumab or ErbB2-
CAR engineered NK-92 cells (NK-92/5.28.z) as well as primary 
human NK cells combined with trastuzumab or modified 
with the ErbB2-CAR and tested cytotoxicity against cancer 
cells varying in ICAM-1 expression or alternatively blocked 
LFA-1 on NK cells. Furthermore, we specifically stimulated 
Fc receptor, CAR and/or LFA-1 to study their crosstalk at the 
immunological synapse and their contribution to degranulation 
and intracellular signaling in antibody-targeted or CAR-targeted 
NK cells.
Results  Blockade of LFA-1 or absence of ICAM-1 
significantly reduced cell killing and cytokine release 
during trastuzumab-mediated ADCC against ErbB2-
positive breast cancer cells, but not so in CAR-targeted NK 
cells. Pretreatment with 5-aza-2'-deoxycytidine induced 
ICAM-1 upregulation and reversed NK cell resistance in 
ADCC. Trastuzumab alone did not sufficiently activate NK 
cells and required additional LFA-1 co-stimulation, while 
activation of the ErbB2-CAR in CAR-NK cells induced 
efficient degranulation independent of LFA-1. Total internal 
reflection fluorescence single molecule imaging revealed 
that CAR-NK cells formed an irregular immunological 
synapse with tumor cells that excluded ICAM-1, while 
trastuzumab formed typical peripheral supramolecular 
activation cluster (pSMAC) structures. Mechanistically, 
the absence of ICAM-1 did not affect cell–cell adhesion 
during ADCC, but rather resulted in decreased signaling 
via Pyk2 and ERK1/2, which was intrinsically provided by 
CAR-mediated targeting. Furthermore, while stimulation 
of the inhibitory NK cell checkpoint molecule NKG2A 

markedly reduced FcγRIIIa/LFA-1-mediated degranulation, 
retargeting by CAR was only marginally affected.
Conclusions  Downregulation of ICAM-1 on breast cancer 
cells is a critical escape mechanism from trastuzumab-
triggered ADCC. In contrast, CAR-NK cells are able to 
overcome cancer cell resistance caused by ICAM-1 
reduction, highlighting the potential of CAR-NK cells in 
cancer immunotherapy.

BACKGROUND
Natural killer (NK) cells are highly effective 
in recognizing and eliminating virus-infected 

WHAT IS ALREADY KNOWN ON THIS TOPIC
⇒ Redirecting natural killer (NK) cells by antibodies

(antibody-dependent cell-mediated cytotoxicity 
(ADCC)) or chimeric antigen receptors (CARs) has
been shown to be effective against a variety of oth-
erwise NK-resistant cancer cells.

WHAT THIS STUDY ADDS
⇒ Here, we demonstrated that downregulation of the

adhesion molecule ICAM-1 is a critical tumor es-
cape mechanism from ErbB2-specific monoclonal
antibodies trastuzumab-mediated NK cell cytotox-
icity, whereas NK cells genetically engineered to
express an ErbB2-specific CAR can overcome this
resistance by bypassing LFA-1 signaling. This ob-
servation is new for CAR-NK cells and seems to
distinguish them from what is known for CAR-T
cells, which apparently still rely on additional LFA-1/
ICAM-1 signals.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY
⇒ These data suggest that ADCC in patients with

ICAM-1 low/negative cancers may be less effec-
tive. Strategies to upregulate ICAM-1 expression in
tumors and/or the use of CAR engineered NK cells
may represent a suitable strategy to leverage the NK 
cell response in patients with cancer.
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or malignant cells. Because of their unique anticancer 
properties, NK cells are very attractive for the develop-
ment of cell-based cancer immunotherapies.1 For adop-
tive transfer, NK cells can be isolated from peripheral 
and cord blood of healthy donors, or differentiated from 
hematopoietic or induced pluripotent stem cells.2–4 Alter-
natively, phenotypically stable NK cell lines are being 
considered as promising therapeutics, and in the case of 
NK-92 cells, have entered clinical trials.5 6

Natural cytotoxicity of NK cells is tightly orchestrated 
by cumulative signals from germline-encoded activating 
and inhibitory receptors. These signaling networks are 
naturally programmed to trigger cytotoxicity on encoun-
tering diseased cells while maintaining tolerance to 
healthy tissues.7 Although NK cells are in principle able to 
eliminate many types of transformed cells, certain tumors 
still evade NK cell-mediated killing, limiting the efficacy 
of NK cell-based immunotherapies. Different resistance 
mechanisms that enable cancer cells to escape from NK 
cell cytotoxicity have been described,8 including down-
regulation of activating and upregulation of inhibitory 
ligands on tumor cells, which results in insufficient trig-
gering of cytotoxic signals.9–11

To enhance activating signals, monoclonal antibodies 
(mAbs) such as ErbB2 (HER2)-specific trastuzumab are 
infused into a patient, where they can opsonize tumor 
cells and bind via their Fc region to Fcγ receptor IIIa 
(FcγRIIIa, CD16) on endogenous NK cells, thereby trig-
gering antibody-dependent cell-mediated cytotoxicity 
(ADCC). Alternatively, mAbs can be combined with 
adoptive transfer of donor-derived primary NK cells or 
clinically applicable NK cell lines such as high-affinity 
FcγRIIIa-modified NK-92 cells (haNK).12 Treatment regi-
mens based on trastuzumab are the clinical standard of 
care for ErbB2-positive breast cancer. Nevertheless, not 
all patients benefit from this therapy, with treatment 
resistance developing despite continued presence of 
the target antigen.13 Although ADCC is considered an 
important effector mechanism of trastuzumab in breast 
cancer,14 parameters predicting ADCC efficacy are not 
well established.

In recent years, NK cells genetically engineered with 
chimeric antigen receptors (CARs) have been intro-
duced as a novel approach to target NK cells specifically 
to tumors and enhance their antitumor activity.15 An 
initial clinical study demonstrated encouraging efficacy 
of CD19-specific CAR-NK cells in hematologic malignan-
cies comparable to that reported for CD19-CAR T cells, 
but without observing major side effects typical for CAR-T 
cell therapies.2 In contrast to hematological malignan-
cies, in clinical trials in solid tumor indications efficacy of 
CAR-T cells is still limited.16 Also CAR-NK cells are being 
investigated in early phase clinical trials for the treatment 
of solid tumors. In a current phase I trial (CAR2BRAIN; 
NCT03383978) patients with recurrent ErbB2-positive 
glioblastoma are treated with ErbB2-targeted CAR-NK-92 
cells (NK-92/5.28.z). Data from the dose-escalation part 
of this study so far demonstrated safety and feasibility of 

intracranial injections of these cells, with evaluation of 
NK-92/5.28.z in combination with an anti-programmed 
cell death protein 1 (PD-1) immune checkpoint inhib-
itor ongoing.17 Similar to tumor-specific targeting of NK 
cells with antibodies and induction of ADCC, a better 
understanding of the signals required for CAR-NK cells 
to efficiently eliminate cancer cells of solid tumor origins 
is critical for the success of these cell-based advanced 
therapy medicinal products.

We previously showed that tumor-specific targeting of 
NK cells mediated either by combination with an antibody 
or expression of a CAR can provide the necessary signals 
to direct cytotoxic granules to the immunological synapse 
and enable secretion of the lytic enzymes toward other-
wise NK-resistant cancer cells.18 However, it is not clear 
at present whether CAR-mediated or FcγRIIIa-mediated 
signals alone are sufficient to overcome NK-resistance, or 
whether synergistic mechanisms are required for efficient 
NK cell cytotoxicity. For example, adhesion molecules 
are known to play an important role for NK cell potency. 
Thereby, LFA-1 is essential for efficient natural cytotox-
icity of NK cells, as it initiates the assembly of the immu-
nological synapse and mediates firm adhesion to the 
target, which contributes to NK cell activation.19 Signaling 
through the cell adhesion molecule LFA-1 after binding 
to its natural ligand ICAM-1 on tumor cells is a prerequi-
site for targeted convergence of lytic granules toward the 
immunological synapse, allowing for maximum on-target 
efficiency with minimal collateral damage.20 21 Conversely, 
ICAM-1 can be downregulated or shed by tumor cells, 
leading to insufficient LFA-1 activation or decreased cell 
adhesion due to receptor blockade.22–24 While in hemato-
logical malignancies downregulation of ICAM-1 on acute 
myeloid leukemia (AML) cells led to escape from natural 
NK cell cytotoxicity,25 the role of ICAM-1 in solid tumors 
has not yet been investigated with respect to NK cell acti-
vation. Nevertheless, a dysregulated interferon (IFN)-γ 
pathway in CAR-T cells was recently shown to result in 
low ICAM-1 expression in solid tumors, leading to escape 
from CAR-T cell-mediated killing.26

While this suggests a critical role of cell adhesion 
molecules for CAR-T cell-based therapies, the relevance 
of ICAM-1 expression in NK cells for ADCC and CAR-
mediated killing is presently unknown. In particular, 
it is unclear whether downregulation or cleavage of 
ICAM-1 on breast cancer cells can lead to escape from 
trastuzumab-mediated ADCC or CAR-induced cytotox-
icity of NK cells. However, considering the limited effi-
cacy of trastuzumab in some patients with breast cancer 
and the need to improve treatment approaches with CAR-
engineered effector cells for solid tumor indications, a 
better understanding of such tumor escape mechanisms 
is of high clinical relevance.

Here, we investigated the role of ICAM-1/LFA-1 inter-
action and LFA-1-dependent stimulation in trastuzumab-
induced ADCC of FcγRIIIa-expressing NK cells or 
CAR-mediated cytotoxicity of ErbB2-CAR-NK cells against 
ErbB2-positive breast cancer cells.
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MATERIALS AND METHODS
Materials and methods are available in the online supple-
mental material.

RESULTS
Co-stimulatory signals are required for effective ADCC
Previously, we demonstrated that ErbB2 (HER2)-
specific antibody trastuzumab, when bound to 
FcγRIIIa (CD16) of NK cells, triggers their activa-
tion, granule polarization and subsequent cyto-
toxicity against ErbB2-expressing tumor cells.18 
Nevertheless, it remained unclear to what extent 
additional signaling pathways contribute to effi-
cient trastuzumab-mediated ADCC. Hence, we tested 
whether other NK cell activating or co-stimulatory 
receptors synergize with FcγRIIIa activation. We used 
haNK cells, an NK-92 cell line expressing high-affinity 
FcγRIIIa12 (figure 1A) in combination with the thera-
peutic antibody trastuzumab as a model. NK-92 cells 
are phenotypically and functionally similar to acti-
vated primary NK cells, except that NK-92 cells do 
not express KIRs that interact with HLA molecules.27 

Therefore, the NK-92 model allows the study of ADCC 
in the absence of HLA-mediated NK inhibition. As 
target cells, we employed the ErbB2-expressing breast 
cancer cell line MDA-MB-453 (figure 1B). Consistent 
with previous studies,18 28 NK-92 cells were highly cyto-
toxic to NK-sensitive K562 cells, whereas MDA-MB-453 
cells proved resistant to natural NK-92 cytotoxicity 
(figure  1C). Likewise, in agreement with previous 
study,12 in the absence of trastuzumab MDA-MB-453 
cells were also resistant to haNK cells, but readily killed 
by haNK cells via ADCC in the presence of the ErbB2-
specific IgG1 antibody (figure 1D). To test potential 
contribution of signals from other activating recep-
tors or adhesion molecules to trastuzumab-mediated 
ADCC, we co-cultured MDA-MB-453 cells with haNK 
cells and trastuzumab in the presence of antibodies 
that block the NK cell activating receptors NKG2D, 
NKp30, NKp44, NKp46 or DNAM-1, co-stimulatory 
2B4, or the adhesion molecule LFA-1. We found that 
blockade of LFA-1, and to a lesser extent DNAM-1, 
reduced trastuzumab-mediated ADCC (figure  1F). 
Natural cytotoxicity of NK-92 against K562 cells was 

Figure 1  Blockade of LFA-1 alleviates natural cytotoxicity and ADCC of NK cells. (A, B) Histograms confirm FcγRIIIa (CD16) 
expression on haNK cells (A) and ErbB2 expression on MDA-MB-453 breast cancer cells (B). Filled gray areas indicate isotype 
controls. Representative data from at least three independent experiments are shown. (C, D) NK-92 (C) or haNK (D) cells 
were co-cultured with K562 or MDA-B-453 cells at an effector to target ratio of 10:1 for 2 hours, and specific cytotoxicity was 
measured using a Europium-based cytotoxicity assay. Trastuzumab was added where indicated at a concentration of 2 µg/mL. 
Mean values from three independent experiments±SEM are shown. (E, F) The indicated receptors on NK-92 (E) or haNK (F) cells 
were blocked with specific antibodies (20 µg/mL) for 60 min, followed by 2 hours co-culture with K562 or MDA-MB-453 cells. 
Isotype control IgG1 is shown (IgG2b was comparable). Trastuzumab (2 µg/mL) was added as indicated. Specific cytotoxicity 
was measured using a Europium-based cytotoxicity assay and is depicted as the percentage of cytotoxicity in the absence 
of blocking antibodies. Data were pooled from at least three independent experiments. Mean values±SEM are shown. ADCC, 
antibody-dependent cell-mediated cytotoxicity; haNK, high-affinity FcγRIIIa-modified NK-92 cells; NK, natural killer.

https://dx.doi.org/10.1136/jitc-2023-008155
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only affected by blockade of LFA-1 (figure 1E). These 
data indicate that signaling via LFA-1 and DNAM-1 
is required for effective trastuzumab-triggered cyto-
toxicity, whereas natural cytotoxicity of the NK cells 
depends in part on LFA-1.

ICAM-1 downregulation facilitates escape from trastuzumab-
mediated NK cell killing
Next, we investigated which ligands on MDA-MB-453 
cells stimulate LFA-1 on NK cells. Flow cytometric anal-
ysis of the most common LFA-1 ligands ICAM-1, ICAM-2 
and ICAM-3 showed that only ICAM-1 is expressed on 
the surface of MDA-MB-453 cells (figure 2A). Thus, we 
hypothesized that decreased ICAM-1 expression may 
affect trastuzumab-mediated killing. We used CRISPR/
Cas9 to generate ICAM-1 knockout (ICAM-1 KO) MDA-
MB-453 and K562 cells, which in the case of MDA-MB-453 
still displayed high ErbB2 expression (figure 2B). ICAM-1 

and ErbB2 levels in cells edited with control non-targeting 
(NT) sgRNA did not differ from those of the parental 
wild type (WT) cells. Subsequently, we tested NK cytotox-
icity toward these different target cells. Thereby, haNK 
cells in combination with trastuzumab showed high cell 
killing activity against MDA-MB-453 WT and MDA-MB-
453 NT control cells, while cytotoxicity toward MDA-MB-
453 ICAM-1 KO cells was markedly reduced (figure 2C). 
Similarly, natural cytotoxicity of NK-92 cells against K562 
ICAM-1 KO cells was decreased when compared with 
K562 NT control cells (figure 2D). Accordingly, ICAM-1 
downregulation can contribute to escape from natural 
and trastuzumab-mediated killing by NK cells.

ErbB2-specific CAR-NK cells overcome immune escape 
caused by ICAM-1 downregulation
Similar to ADCC, CAR-expression in NK cells can trigger 
targeted cytotoxicity against otherwise NK-resistant cancer 

Figure 2  Downregulation of ICAM-1 results in escape from trastuzumab-mediated ADCC. (A) Flow cytometric analysis of 
ICAM-1, ICAM-2, and ICAM-3 expression on MDA-MB-453 cells. Filled gray areas indicate isotype controls. (B) ICAM-1 and 
ErbB2 expression on K562 and MDA-MB-453 ICAM-1 knock-out (KO) cells, and non-targeting sgRNA transduced (NT) or 
parental wild type (WT) control cells. Representative data from at least three independent experiments are shown. (C, D) haNK 
cells combined with trastuzumab (C) or NK-92 (D) cells were co-cultured for 2 hours with MDA-MB-453 or K562 ICAM-1 KO or 
NT and parental WT control cells at an effector to target ratio of 10:1 as indicated. Specific cytotoxicity was measured using 
a Europium-based cytotoxicity assay. Values for ICAM-1 KO and NT control cells are plotted relative to those obtained with 
parental WT MDA-MB-453 or K562 cells. To confirm trastuzumab-mediated ADCC against MDA-MB-453 cells, control samples 
without trastuzumab were included. Data were pooled from at least three independent experiments. Mean values±SEM are 
shown. ADCC, antibody-dependent cell-mediated cytotoxicity; haNK, high-affinity FcγRIIIa-modified natural killer-92 cells.
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cells, but does not depend on antibody-mediated FcγRIIIa 
activation. To determine whether ICAM-1 downregula-
tion in tumor cells can also affect CAR-mediated killing, 
we employed the clinically applied ErbB2-specific CAR 
NK-92 cell line NK-92/5.28.z (figure 3A).17 28 In contrast 
to parental NK-92, NK-92/5.28.z cells are highly cytotoxic 
against MDA-MB-453 cells (figure  3B). Interestingly, we 
did not observe a significant reduction in CAR-mediated 
cytotoxicity toward MDA-MB-453 ICAM-1 KO compared 
with NT control cells. Similarly, blockade of LFA-1 did not 
affect CAR-mediated cytotoxicity (figure 3C). To investi-
gate the contribution of ICAM-1 to CAR-independent 
natural cytotoxicity of NK-92/5.28.z cells, we co-cultured 
them with ErbB2-negative but NK-sensitive K562 cells. 
As expected, NK-92/5.28.z killed K562 NT control cells, 
while cytotoxicity toward K562 ICAM-1 KO was markedly 
reduced, comparable to parental NK-92 cells. Similar 
results were obtained when LFA-1 on NK-92/5.28.z cells 
was blocked (figure  3D). These data indicate that in 
contrast to natural cytotoxicity, CAR-mediated killing by 
NK-92/5.28.z cells is ICAM-1 independent. To analyze 
whether this finding can be generalized, we also tested the 
ICAM-1-positive and ErbB2-positive breast and pancreatic 
cancer cell lines MCF-7 and BxPc3 (figure 3E). Similar to 
the results obtained with MDA-MB-453 breast cancer cells, 
in both cell lines blockade of LFA-1 reduced trastuzumab-
mediated ADCC of haNK cells, while CAR-mediated 
cytotoxicity by NK-92/5.28.z cells remained unaffected 
(figure  3F). To test whether this is also the case with 
primary NK cells, we transduced primary human periph-
eral blood NK (pNK) cells with an ErbB2-specific CAR 
construct.28 pNK cells had a purity of 95±1%, and CAR 
expression was detected in 35±1% of the transduced cells 
(online supplemental figure S1 A and B). ADCC was tested 
by combining unmodified pNK cells with trastuzumab. 
As shown in figure 3G, both, pNK cells in combination 
with trastuzumab and CAR-modified pNK cells effectively 
killed MDA-MB-453 WT cells, while only CAR pNK cells 
were able to effectively eliminate MDA-MB-453 ICAM-1 
KO cells, which were resistant to trastuzumab-mediated 
ADCC by pNK cells. Accordingly, CAR-mediated targeting 
of established NK-92 and primary NK cells can both over-
come immune escape caused by ICAM-1 downregulation.

CAR-NK cells retain ICAM-1 independent cytotoxicity and 
cytokine production during long-term interaction with cancer 
cells
To challenge CAR-NK cells with ICAM-1 negative targets 
for a longer time period, we mixed CytoLightRed-labeled 
MDA-MB-453 ICAM-1 KO cells with NK-92/5.28.z cells, 
or haNK cells combined with trastuzumab at an effector 
to target ratio of 1:1, and co-cultured them for 50 hours 
(figure 4A). The co-cultures were monitored every 6 hours 
using the IncuCyte live-cell imaging system, and cytotox-
icity was quantified based on the proportion of viability 
dye-positive cancer cells (figure 4B and C). In agreement 
with our data from short-term assays, both, the absence of 
ICAM-1 on cancer cells and LFA-1 blockade on NK cells 

resulted in a marked reduction of trastuzumab-induced 
ADCC of haNK cells against MDA-MB-453 target cells. 
Again, CAR-engineered NK-92/5.28.z cells were unaf-
fected by the loss of ICAM-1 on tumor cells and able to kill 
MDA-MB-453 ICAM-1 KO cells as efficiently as the control 
targets. Likewise, LFA-1 blockade on NK-92/5.28.z cells 
did not affect CAR-mediated cytotoxicity. LFA-1 expres-
sion on NK-92, haNK and NK-92/5.28.z cells was compa-
rable (figure  4D), ruling out potential differences in 
initial LFA-1 levels. In addition to direct target cell killing, 
the production of cytokines like IFN-γ, tumor necrosis 
factor alpha (TNF-α) or chemokines such as macrophage 
inflammatory protein 1-alpha (MIP-1α) is important 
for the antitumor activity of NK cells. MIP-1α has also 
been reported to be induced by LFA-1 stimulation.29 
Hence, we tested whether cytokine production accom-
panying ADCC or CAR-mediated NK cell cytotoxicity is 
affected in the absence of ICAM-1/LFA-1 interaction. 
We co-cultured haNK cells in combination with trastu-
zumab or NK-92/5.28.z cells with MDA-MB-453 ICAM-1 
KO or parental WT cells after blockade of LFA-1 on the 
NK cells, and measured cytokine release in the superna-
tants after 6 hours of co-culture. As expected, exposure 
to MDA-MB-453 WT cells resulted in the production of 
IFN-γ, TNF-α and MIP-1α by haNK cells combined with 
trastuzumab and NK-92/5.28.z cells (figure 4E and F). In 
contrast, co-culture with MDA-MB-453 ICAM-1 KO cells 
did not induce any measurable TNF-α and significantly 
reduced the amounts of IFN-γ and MIP-1α produced 
by haNK cells combined with trastuzumab, while cyto-
kine production by NK-92/5.28.z cells was unaffected by 
the lack of ICAM-1. Consistent with these results, LFA-1 
blockade only reduced cytokine production by haNK cells 
combined with trastuzumab, but not by CAR-engineered 
NK-92/5.28.z cells.

Pharmacological intervention improves trastuzumab-
mediated ADCC against ICAM-1low cancer cells
The data obtained in our models suggest that trastuzumab 
therapy in patients with cancers expressing low levels of 
ICAM-1 may result in low efficacy or treatment failure. 
To investigate whether pharmacological intervention to 
upregulate ICAM-1 can improve trastuzumab-mediated 
NK cell cytotoxicity, we applied the clinically used 
DNA methyltransferase inhibitor 5-aza-2'-deoxycytidine 
(5AZA), previously shown to increase ICAM-1 expression 
in cancer cells.25 As a model, we employed HEK293 cells 
which are ICAM-1 low/negative but express moderate 
levels of ErbB2. Indeed, treatment with 5AZA increased 
ICAM-1 expression in HEK293 cells, while ErbB2 
expression remained unchanged (figure  5A). Consis-
tent with this, 5AZA treatment increased trastuzumab-
mediated ADCC of haNK cells 1.8-fold compared with 
untreated control cells, while CAR-mediated cytotoxicity 
of NK-92/5.28.z against 5AZA-treated cells was compa-
rable to that against untreated control targets (figure 5B 
and C). Also cytokines like TNF-α and IFN-γ have been 
reported to upregulate ICAM-1 in cancer cells.26 30 

https://dx.doi.org/10.1136/jitc-2023-008155
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Figure 3  CAR-mediated targeting overcomes immune escape caused by ICAM-1 downregulation. (A) CAR expression on NK-
92/5.28.z cells (left) was detected by flow cytometry using human recombinant ErbB2-Fc protein followed by anti-Fc secondary 
antibody. Parental NK-92 cells (right) were included for comparison. Filled gray areas indicate negative controls only stained 
with secondary antibody. Representative data from at least three independent experiments are shown. (B) Specific cytotoxicity 
of NK-92/5.28.z against MDA-MB-453 cells was measured using a Europium-based assay after 2 hours of co-culture at an 
effector to target ratio of 10:1. (C) Specific CAR-mediated cytotoxicity of NK-92/5.28.z against MDA-MB-453 ICAM-1 KO, NT 
and WT cells (left) and against WT cells following incubation of NK-92/5.28.z cells with LFA-1 blocking antibody or control IgG 
for 60 min prior to co-culture (right). (D) Natural cytotoxicity of NK-92/5.28.z against K562 ICAM-1 KO, NT and WT cells (left) 
and against WT cells following incubation of NK-92/5.28.z cells with LFA-1 blocking antibody or control IgG for 60 min prior to 
co-culture (right). (E) Flow cytometric analysis of ICAM-1 expression on MCF-7 breast and BxPc3 pancreatic cancer cells. Blue 
lines indicate isotype controls and gray lines indicate unstained controls. (F) Specific cytotoxicity of haNK cells in combination 
with trastuzumab or CAR-engineered NK-92/5.28.z cells against MCF-7 and BxPc3 cells. NK cells were pretreated with LFA-1 
blocking antibody or control IgG as indicated. Cytotoxicity data were pooled from at least three independent experiments. Mean 
values±SEM are shown. (G) Primary NK cells modified with an ErbB2-specific CAR or combined with trastuzumab were co-
cultured with MDA-MB-453 ICAM-1 KO or WT cells for 2 hours and specific cytotoxicity was measured using a Europium-based 
assay. Representative data from three independent experiments using three different donors are depicted. Mean values±SEM 
are shown. CAR, chimeric antigen receptor; haNK, high-affinity FcγRIIIa-modified NK-92 cells; KO, knockout; NK, natural killer; 
NT, non-targeting; WT, wild type.
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As shown above, high amounts of these cytokines are 
secreted by activated NK cells (see figure  4E and F). 
When we treated HEK293 cells with recombinant TNF-α, 
we observed upregulation of ICAM-1, but no influence 
of the cytokine on ErbB2 expression (figure 5D). Conse-
quently, HEK293 treated with TNF-α were more sensitive 
to trastuzumab-mediated ADCC by haNK cells (figure 5E 
and F). In contrast, as in the case after 5AZA treatment, 

CAR-mediated cytotoxicity of NK-92/5.28.z remained 
unchanged. Next, we tested whether 5AZA and TNF-α 
can further enhance trastuzumab-mediated NK cell cyto-
toxicity against cancer cells with high levels of ICAM-1. 
In ICAM-1 high MDA-MB-453 cells, we observed further 
upregulation of ICAM-1 after treatment with TNF-α, but 
not after treatment with 5AZA (online supplemental 
figure S3A). As expected, in MDA-MB-453 ICAM-1 KO, 

Figure 4  CAR-NK cells retain ICAM-1-independent activity and cytokine production in long-term killing assays. (A–C) MDA-
MB-453 ICAM-1 KO, NT and WT control cells were labeled with CytoLightRed and allowed to adhere to 96-well plates. 
NK-92/5.28.z CAR-NK cells or haNK cells in combination with trastuzumab were added at an E:T ratio of 1:1 in medium 
supplemented with CytoToxGreen viability dye, and cytotoxicity over time was analyzed using the IncuCyte live-cell 
imaging system. Where indicated, NK cells were treated with LFA-1 blocking antibody or control IgG1 prior to co-culture. 
(A) Microscopic images showing the co-cultures after 50 hours, with MDA-MB-453 cells labeled in red. Overlapping red and
green signals (yellow) indicate dead MDA-MB-453 cells. (B, C) Graphs depicting cytotoxicity at the indicated time points
calculated as the percentage of dead (double-positive) cancer cells out of total (red) cancer cells. Data were pooled from at
least three independent experiments. Mean values±SEM are shown. Statistical analysis was performed using two-way analysis
of variance. (D) Flow cytometric analysis of LFA-1 expression on NK-92, haNK and NK-92/5.28.z cells. Filled gray areas indicate
isotype controls. Representative data out of at least three independent experiments are shown. (E, F) haNK cells combined
with trastuzumab (E) or NK-92/5.28.z cells (F) were co-cultured with MDA-MB-453 ICAM-1 KO or WT cells at an E:T ratio of
1:1 for 6 hours in duplicates. Where indicated, NK cells were treated with LFA-1 blocking antibody or control IgG prior to co-
culture. Supernatants from duplicate samples were pooled, and cytokine concentrations were measured using the ProcartaPlex
Luminex system. Mean values±SEM calculated from three independent experiments are shown. CAR, chimeric antigen
receptor; E:T, effector to target; haNK, high-affinity FcγRIIIa-modified NK-92 cells; IFN, interferon; KO, knockout; NK, natural
killer; NT, non-targeting; MIP-1α, macrophage inflammatory protein 1-alpha; TNF-α, tumor necrosis factor alpha; WT, wild type.

https://dx.doi.org/10.1136/jitc-2023-008155
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treatment with 5AZA or TNF-α did not increase ICAM-1 
expression (online supplemental figure S3C). In WT 
MDA-MB-453 cells, 5AZA did not increase trastuzumab-
mediated NK cell cytotoxicity, whereas TNF-α moderately 
increased haNK/trastuzumab cytotoxicity (although not 
statistically significant), which correlated with increased 
ICAM-1 expression levels (online supplemental figure 
S3B). As expected, when ICAM-1 KO MDA-MB-453 
cancer cells were subjected to 5AZA or TNF-α treatment, 
the cytotoxicity was not improved (online supplemental 
figure S3D), indicating that 5AZA and TNF-α confer 
sensitivity to NK-mediated killing exclusively by upreg-
ulating ICAM-1 in ICAM-1-negative/low cancer cells. 
Taken together, these data suggest that treatment with 
5AZA may enhance the efficacy of trastuzumab in patients 
with cancer with tumors with low ICAM-1 expression. In 
addition, secretion of TNF-α by activated NK cells may 
further upregulate ICAM-1 expression on cancer cells, 
thereby functioning as a maintenance or amplification 
loop.

CAR and LFA-1 do not interact at the immunological synapse 
of NK cells
Close contact between cancer and NK cells takes place at 
the immunological synapse, where directed cytotoxicity 
is orchestrated by activating and inhibitory receptors and 
ligands. To narrow down which molecules are minimally 
required for trastuzumab-mediated ADCC and CAR-
mediated cytotoxicity, we immobilized single activating 
ligands or their combinations on a microtiter plate and 
measured the degranulation marker CD107a as a readout 
for NK cell activation. In the case of haNK cells, immo-
bilized trastuzumab alone did not induce any degranu-
lation events, and immobilized LFA-1-specific antibody 
only induced a low level of degranulation. In contrast, in 
combination trastuzumab and anti-LFA-1 induced strong 
degranulation (figure 6A and B). Conversely, at moderate 
and high concentrations, immobilized recombinant 
ErbB2 protein alone already induced strong degranula-
tion in CAR-engineered NK-92/5.28.z cells, which was 
not enhanced any further by additional immobilized anti-
LFA-1. Only when immobilized ErbB2 protein became 

Figure 5  Treatment with 5-aza-2'-deoxycytidine or TNF-α upregulates ICAM-1 expression and improves trastuzumab-
mediated NK cell cytotoxicity. (A, D) HEK293 cells were treated with 1 µM 5-aza-2'-deoxycytidine (5AZA) for 72 hours (A) or 
with 100 ng/mL TNF-α for 48 hours (D). Expression of ICAM-1 and ErbB2 was analyzed by flow cytometry. Representative 
histograms are shown. (B, E) haNK cells combined with trastuzumab, or CAR-engineered NK-92/5.28.z cells were incubated for 
2 hours with HEK293 cells pretreated with 5AZA (B) or TNF-α (E). Specific cytotoxicity was measured using a Europium-based 
cytotoxicity assay. (C, F) Specific lysis is depicted as fold-change in comparison to cytotoxicity of the NK cells against HEK293 
control cells without 5AZA or TNF-α pretreatment. Data were pooled from three independent experiments. Mean values±SEM 
are shown. CAR, chimeric antigen receptors; haNK, high-affinity FcγRIIIa-modified NK-92 cells; NK, natural killer; TNF-α, tumor 
necrosis factor alpha.
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Figure 6  Chimeric antigen receptor-NK cells form an irregular immunological synapse, which is LFA-1 independent. 
(A) haNK cells were incubated with indicated plate-bound antibodies in the presence of labeled anti-CD107a antibody for
2 hours, followed by flow cytometric analysis of CD107a as a degranulation marker. Untreated NK cells are depicted in
gray. (B) Quantification of CD107a expression. (C) NK-92/5.28.z cells were incubated with plate-bound ErbB2 protein in the
presence of labeled anti-CD107a antibody for 2 hours, followed by flow cytometric analysis of CD107a. Representative data
from three independent experiments are shown. (D) Total internal reflection fluorescence (TIRF) microscopy images displaying
synaptic recruitment of fluorescently labeled ErbB2-AF555 and ICAM-1-AF488 molecules at the synapses of haNK cells in the
presence of trastuzumab and NK-92.5.28.z cells. Scale bars: 5 µm. (E, F) Quantification of ErbB2-AF555 (E) and ICAM-1-AF488
(F) molecules recruited at the synapses of haNK and NK-92.5.28.z cells. Each data point represents the number of molecules
recruited at the synapse of one cell. Mean values are indicated. Error bars represent±SD. (G, H) haNK cells were incubated
with plate-bound trastuzumab and anti-LFA-1 (G) and NK-92/5.28.z with plate-bound ErbB2 protein (H) in each case combined
with plate-bound antibodies targeting the indicated inhibitory receptors or immune checkpoint molecules, or respective
isotype controls. Degranulation was measured by flow cytometric analysis of CD107a expression. Data were pooled from
three independent experiments. Mean values±SEM are shown. haNK, high-affinity FcγRIIIa-modified NK-92 cells; NK, natural
killer; PBS, phosphate-buffered saline; PD-1, programmed cell death protein 1; TIGIT, T cell immunoreceptor with Ig and ITIM
domains; TIM-3, T-cell immunoglobulin and mucin-domain containing-3.
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limiting at low concentrations, additional stimulation of 
LFA-1 synergized with CAR activation and increased the 
CD107a signal (figure  6C, online supplemental figure 
S2 A). These data suggest that the CAR does not require 
LFA-1 for degranulation if sufficient target antigen is 
present on the cancer cell.

To investigate indirect interaction of FcγRIIIa with ErbB2 
via trastuzumab and direct interaction of the CAR with the 
antigen, and to follow recruitment of ICAM-1 by LFA-1 at 
the NK cell immunological synapse, we next employed 
single molecule resolution TIRF (total internal reflection 
fluorescence) microscopy. Thereby, precise quantitation 
of the number of antigens and co-stimulatory molecules 
at the interface of NK and target cell conjugates is chal-
lenging due to three-dimensional cellular movement and 
phototoxicity. To circumvent these limitations, we gener-
ated supported lipid layers (SLB) and loaded them with 
fluorescently labeled ErbB2 and ICAM-1 molecules as an 
artificial target cell surface. haNK cells combined with 
trastuzumab, and NK-92/5.28.z cells were seeded onto 
SLBs, and immunological synapses were imaged after 
10 min in total internal reflection mode. We observed 
that both, haNK cells in the presence of trastuzumab, and 
NK-92/5.28.z cells displayed target antigen enrichment 
within their immunological synapses. At NK-92/5.28.z 
cell synapses, ErbB2 was recruited to discrete molecular 
clusters, whereas in haNK cells combined with trastu-
zumab the antigen was more homogeneously distributed 
(figure  6D). Next, we quantified the absolute numbers 
of ErbB2 and ICAM-1 molecules recruited to haNK and 
NK-92/5.28.z immunological synapses. We found that 
NK-92/5.28.z cells recruited approximately 2.6-times 
more ErbB2 molecules than haNK cells (figure  6E). In 
contrast, haNK cells recruited approximately 10-times 
more ICAM-1 than NK-92/5.28.z cells, and induced 
formation of distinct ICAM-1 rings (figure  6F). These 
data suggest that despite recruiting fewer ErbB2 mole-
cules to their immunological synapse, haNK cells are 
more efficient in initiating LFA-1-mediated clustering of 
ICAM-1, while clustering of ICAM-1 at the NK-92/5.28.z 
immunological synapse appears to be dysregulated.

Subsequently, we investigated whether immune check-
point molecules and inhibitory receptors can affect 
trastuzumab-mediated or CAR-mediated degranulation 
of NK cells. To enable maximum degranulation, haNK 
cells were activated with immobilized trastuzumab and 
anti-LFA-1, and NK-92/5.28.z cells with immobilized 
ErbB2. Additionally, we added immobilized antibodies 
specific for NKG2A, T cell immunoreceptor with Ig and 
ITIM domains (TIGIT), PD-1 and T-cell immunoglobulin 
and mucin-domain containing-3 (Tim-3) to initiate signal 
transduction from these receptors in the NK cells. We 
found that ADCC in haNK cells was inhibited by cross-
linking of NKG2A, but not PD-1. Ligation of TIGIT or 
Tim-3 also reduced degranulation, but not to a statistically 
significant extent (figure 6G, online supplemental figure 
S2 B). Degranulation of NK-92/5.28.z cells in response to 
ErbB2 was moderately inhibited by NKG2A ligation, while 

the other tested immune checkpoint molecules had no 
effect (figure 6H,online supplemental figure S2 B). We 
next tested whether this finding could be translated to 
cytotoxicity against HLA-E positive cancer cells. For this 
purpose, we blocked haNK/trastuzumab or NK-92/5.28.z 
cells with anti-NKG2A antibody and co-cultured them with 
ErbB2/HLA-E/ICAM-1 triple positive ovarian SKOV-3 
cells (natural HLA-E expression) and glioblastoma 
HT18584-HLA-E cells, engineered to overexpress HLA-E 
(online supplemental figures S4A and S5A). Interestingly, 
we found no improvement in the cytotoxicity of either 
haNK/trastuzumab or NK-92/5.28.z in both short-term 
and long-term killing assays (online supplemental figures 
S4B,C and S5B). Taken together, these data demonstrate 
that engagement of LFA-1 at the immunological synapse 
of the NK cells is critical for trastuzumab-mediated 
degranulation, while CAR-mediated degranulation of 
NK cells is LFA-1 independent. NKG2A engagement can 
inhibit degranulation signals from FcγRIIIa/LFA-1 and 
partially also from CAR in an isolated artificial system. 
Analysis of cytotoxicity against tumor cells suggests that 
physiological inhibition of NKG2A by HLA-E may not be 
sufficient to confer resistance to ADCC or CAR-mediated 
NK cell killing in the tested cancer cells and that addi-
tional unknown inhibitory signals may play a role.

CAR activation can substitute for LFA-1 signaling
We further investigated how CAR signaling can overcome 
the dependence on LFA-1 for NK cell cytotoxicity. With the 
critical contribution of LFA-1 to trastuzumab-mediated 
degranulation already established, we took a step back 
and tested whether LFA-1 is required for initial conjugate 
formation between cancer cells and trastuzumab-armed 
or CAR-armed NK cells. We co-cultured labeled haNK cells 
combined with trastuzumab or NK-92/5.28.z cells with 
differentially labeled MDA-MB-453 cells in the presence 
or absence of LFA-1-blocking antibody. Both, haNK cells 
with trastuzumab and NK-92/5.28.z cells formed conju-
gates with MDA-MB-453 cells after 20 min of co-culture, 
without LFA-1 blockade resulting in a significant decrease 
in conjugation ability (figure 7A and B). Accordingly, we 
conclude that LFA-1 is not required for initial conjugate 
formation that precedes ADCC or CAR-mediated cell 
killing. We further tested whether granule polarization 
toward the immunological synapse in ADCC is affected by 
blockade of the LFA-1/ICAM-1 interaction. Our micros-
copy data showed that blockade of LFA-1 in haNK cells 
did not affect granule polarization toward the contact 
point with MDA-MB-453 cells in the presence of trastu-
zumab, suggesting that LFA-1 is rather required for the 
signaling leading to the subsequent release of cytotoxic 
granules (figure 7C and D). Hence, we further analyzed 
the signaling pathways downstream of LFA-1, FcγRIIIa 
and CAR. haNK cells were stimulated with immobilized 
trastuzumab, and NK-92/5.28.z cells with immobilized 
ErbB2, in each case in the presence or absence of immo-
bilized anti-LFA-1. Then we measured phosphorylation of 
Pyk2 as a downstream signal after LFA-1 stimulation in 
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Figure 7  Chimeric antigen receptor activation can substitute for LFA-1 signaling by activating the Pyk2 pathway. (A) PKH-
67-labeled haNK cells combined with trastuzumab or PKH-67-labeled NK-92/5.28.z cells were blocked with anti-LFA-1 
antibody, and incubated with PKH-26-labeled MDA-MB-453 target cells for 20 min at 37°C as indicated. Control samples 
at 0 min were used to exclude unspecific binding or cross-staining. Cells were fixed and analyzed for conjugate formation 
by flow cytometry. (B) Quantification of conjugate formation. Pooled data from three independent experiments performed in 
triplicate are shown. Data represent mean values±SEM. (C) Confocal microscopy of NK-92 cells, and haNK cells combined 
with trastuzumab, incubated with MDA-MB-453 target cells. NK cells were blocked with anti-LFA-1 antibody prior to exposure 
to cancer cells as indicated. Representative images are shown. (D) Microtubule-organizing center (MTOC) polarization toward 
the immunological synapse (IS) was quantified from three independent experiments. Mean values±SEM are shown. (E) haNK or 
NK-92/5.28.z cells were stimulated with plate-bound trastuzumab, anti-LFA-1 antibody, ErbB2, or isotype control antibody as 
indicated. Cell lysates were prepared and analyzed by immunoblotting for phospho-Pyk2 (pPyk2; Tyr402) and phospho-ERK1/2 
(pERK1/2; Thr202/Tyr204). As controls, total Pyk2 and ERK1/2 levels were analyzed. Cyclophilin B was used as a loading 
control. (F) Quantification of Pyk2 and ERK1/2 phosphorylation normalized to total protein levels. Data were pooled from three 
independent experiments. Mean values±SEM are shown. haNK, high-affinity FcγRIIIa-modified NK-92 cells; NK, natural killer; 
PBS, phosphate-buffered saline.
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NK cells,31 and phosphorylation of ERK as an indicator 
of effective ADCC and CAR-mediated cytotoxicity.18 As 
expected, stimulation of LFA-1 alone resulted in Pyk2 
phosphorylation in both, haNK and NK-92/5.28.z cells 
(figure  7E and F). Trastuzumab alone did not induce 
Pyk2 signaling via FcγRIIIa in haNK cells, whereas ErbB2 
alone was sufficient to stimulate Pyk2 phosphorylation 
in NK-92/5.28.z cells. Combining anti-LFA-1 with ErbB2 
further increased Pyk2 phosphorylation in NK-92/5.28.z 
cells, although to a limited extent (19%). In contrast, 
combination of trastuzumab and anti-LFA-1 resulted in a 
64% increase in haNK cells. Consistent with our degran-
ulation data, phosphorylation of ERK was only slightly 
induced in haNK cells by trastuzumab alone, while strong 
phosphorylation was observed after exposure to trastu-
zumab in combination with anti-LFA-1. Conversely, stim-
ulation of the CAR in NK-92/5.28.z cells by ErbB2 was 
already sufficient for strong ERK phosphorylation, and 
was not increased further by additional LFA-1 activation. 
Taken together, these data demonstrate that CAR acti-
vation can substitute for LFA-1 signaling, and thus over-
come immune escape based on ICAM-1 downregulation.

DISCUSSION
NK cells are increasingly recognized as promising and 
potent effectors for cancer immunotherapy. To enhance 
and specifically direct their cytotoxicity to tumor cells, 
NK cells can be combined with therapeutic antibodies 
such as trastuzumab, or genetically engineered with 
CAR constructs.18 28 32 Treatment regimens based on tras-
tuzumab are standard of care for ErbB2-positive breast 
cancers. Nevertheless, some patients with breast cancer 
fail antibody therapy despite continued ErbB2 expression 
in their tumors, with the underlying mechanisms not yet 
fully understood.14 NK-mediated ADCC is considered to 
be important for trastuzumab efficacy, suggesting that 
escape of cancer cells from antibody-mediated NK cell 
cytotoxicity could contribute to treatment resistance. In 
an initial clinical trial, adoptive transfer of CD19-targeted 
CAR-NK cells has shown encouraging efficacy against 
B-cell malignancies.2 Nevertheless, similar to CAR-T cells,
CAR-NK cells employed for the treatment of solid tumors
may face challenges such as inhomogeneous target
antigen expression and an immunosuppressive tumor
microenvironment. In addition, tumor cell-intrinsic resis-
tance may affect ADCC and CAR-mediated cytotoxicity
of NK cells despite sufficient target antigen expression.
Hence, to fully exploit the potential of antibody-targeted
and CAR-targeted NK cells for cancer immunotherapy,
it is crucial to better understand escape of cancer cells
from NK cell cytotoxicity, and to identify ways to over-
come respective resistance mechanisms. In this study, we
demonstrated for the first time that downregulation of
ICAM-1 on breast and pancreatic cancer cells can abro-
gate trastuzumab-mediated NK cell cytotoxicity, while
antitumor activity of CAR-NK cells remained unaffected.

ICAM-1 can be downregulated in cancer cells or 
cleaved by specific proteases.22–24 This has been shown to 
lead to escape from natural NK cell cytotoxicity,25 which is 
triggered by activating receptors such as natural cytotox-
icity receptors and NKG2D in response to stress-induced 
ligands on the tumor cell surface.33 Accordingly, modu-
lation of adhesion molecules constitutes a clinically rele-
vant mechanism enabling cancer cells to evade attack by 
NK cells. Our data provide evidence that decrease or loss 
of ICAM-1 may also affect therapeutic efficacy of trastu-
zumab and possibly also other therapeutic antibodies. 
This is consistent with an earlier observation that cancer 
cells, which were experimentally kept under ADCC pres-
sure, spontaneously downregulated ICAM-1.34 Here, we 
showed that cancer cells with low ICAM-1 expression do 
not stimulate LFA-1 on NK cells, resulting in insufficient 
trastuzumab-induced ADCC. In addition, shedding of 
soluble ICAM-1 could result in blockade of LFA-1 and 
prevent its binding to membrane-anchored ICAM-1 on 
cancer cells.22 Hence, our data may have strong clinical 
implications with respect to trastuzumab therapy, and may 
at least in part explain why some patients do not respond 
to treatment. In this respect, it appears warranted to 
include analysis of ICAM-1 expression on cancer cells as 
a diagnostic parameter to enable correlative studies that 
investigate the relationship between ICAM-1 levels and 
clinical trastuzumab efficacy.

In the present study, we showed that 5AZA upregulates 
ICAM-1 expression and thereby prevents escape from 
trastuzumab-mediated NK cell cytotoxicity. 5AZA is a 
clinically approved drug for the treatment of myelodys-
plastic syndrome and AML, which may aid the develop-
ment of 5AZA combination therapies with trastuzumab. 
Furthermore, also TNF-α and IFN-γ can increase ICAM-1 
expression.26 30 In our experiments, IFN-γ and TNF-α 
were readily secreted by NK cells after trastuzumab-
induced activation, but not when ICAM-1 was downregu-
lated. Hence, 5AZA may be suitable to initially upregulate 
ICAM-1 on cancer cells, which would in turn enhance 
activation of NK cells, resulting in the secretion of IFN-γ 
and TNF-α, and in a positive loop further amplifying 
ICAM-1 levels. Likewise, other demethylating agents or 
ICAM-1 upregulating reagents may be tested for their 
potential to enhance antibody-dependent cytotoxicity of 
NK cells.

Recent data from CAR-T cell studies showed that suffi-
cient ICAM-1 expression is critical for efficient antitumor 
activity of CAR-T cells.26 To our surprize, we found that 
effective cell killing by CAR-NK cells targeting ErbB2 did 
not depend on ICAM-1, and was not affected by genetic 
KO of ICAM-1 in cancer cells or blockade of LFA-1 on 
the NK cells. Thereby, the CAR-NK cells could bypass 
ICAM-1-based escape in short-term and long-term cyto-
toxicity assays. Furthermore, in contrast to trastuzumab-
stimulated NK cells, the secretion of critical cytokines 
and chemokines such as IFN-γ, TNF-α or MIP-1α by the 
CAR-NK cells was not affected after contact with ICAM-
1-negative cancer cells. Accordingly, CAR-NK cells can 
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provide robust anticancer functionality independent of 
stimulation by ICAM-1.

Our experiments with immobilized activating anti-
bodies showed that trastuzumab alone is not able to 
stimulate degranulation of FcγRIIIa-positive NK cells, 
but requires additional stimulation of LFA-1. This is 
consistent with previous findings in insect cells using 
rabbit anti-serum that triggers the FcγRIIIa on human 
NK cells.21 In contrast, similar to our observations in 
cytotoxicity assays, CAR-activation by antigen was suffi-
cient to induce degranulation without additional LFA-1 
stimulation. Nevertheless, when the concentration of the 
CAR target antigen was decreased, ensuing suboptimal 
degranulation was rescued by additional LFA-1 activa-
tion. Accordingly, trastuzumab-mediated degranulation 
requires co-stimulation by LFA-1, while CAR-induced 
degranulation only requires additional signals if antigen 
concentration is low. In addition, degranulation induced 
by simultaneous FcγRIIIa and LFA-1 stimulation was still 
inhibited by NKG2A, whereas NKG2A had little effect 
on CAR-mediated NK cell activation. A previous report 
already described resistance of NK-92/5.28.z CAR-NK 
cells to inhibition by transforming growth factor-beta 
(TGF-β).35 This suggests that CAR signaling in the NK 
cells is particularly strong, and difficult to override by 
inhibitory signaling pathways. Interestingly, our cytotox-
icity studies with two HLA-E positive cancer cell types 
did not show improved ADCC or CAR-mediated cytotox-
icity after NKG2A blockade. This suggests that although 
NKG2A can inhibit FcγRIIIa/LFA-1 NK cell activation, 
the situation in cell–cell interaction is more complex 
and additional inhibitory mechanisms might co-suppress 
NK cell cytotoxicity. In fact, the therapeutic anti-NKG2A 
antibody monalizumab showed improved natural NK cell 
cytotoxicity in vitro and in vivo and is currently under clin-
ical evaluation.36 37 Interestingly, and in agreement with 
our cytotoxicity data, the combination of monalizumab 
and trastuzumab did not induce objective responses in 
patients with heavily pretreated HER2-positive breast 
cancer in a small cohort, while ICAM-1 expression levels 
on cancer cells were not investigated.38 These data 
suggest that at least in some tumor types an additional 
mechanism may contribute to the inhibition of NK and 
T-cell responses. Further studies should address whether
blockade of NKG2A can increase ADCC and thus thera-
peutic benefit. In fact, genetic KO of NKG2A expression
has been shown to increase natural NK cell cytotoxicity
against leukemic cells,39 but whether disruption of the
HLA-E/NKG2A checkpoint axis will improve CAR-NK
cell cytotoxicity remains unclear. Based on our findings,
we propose screening patient tumors for ICAM-1 expres-
sion, as this may influence the ADCC response in combi-
nation with tumor-specific therapeutic antibodies.

In addition to our models with MDA-MB-453 breast 
cancer cells, the sensitivity of trastuzumab-triggered ADCC 
and resistance of CAR-mediated cytotoxicity to LFA-1 
blockade was confirmed with other breast and pancreatic 
cancer cells. Likewise, unmodified and CAR-engineered 

primary human NK cells from peripheral blood demon-
strated the same dependence on LFA-1 for effective 
trastuzumab-induced ADCC and LFA-1-independence 
on CAR-activation as respective haNK and NK-92/5.28.z 
cells. This demonstrates the robustness and general 
validity of our findings, which will likely be relevant also 
for therapeutic antibodies and CAR-NK cells targeting 
antigens other than ErbB2. However, it is important to 
note that this study is limited as it has been conducted in 
vitro only. Therefore next studies are required to further 
validate the role of the ICAM-1/LFA-1 axis in preclinical 
models and in primary tumors from patients responding 
and non-responding to trastuzumab treatment.

It would also be interesting to test whether other 
attempts to improve targeted NK cell therapy can syner-
gize with our findings, such as targeting TGF-β signaling 
or improved metabolic activity by CIS (cytokine-inducible 
SH2-containing protein) KO, expression of transgenic 
cytokines such as interleukin-15, and many others.40–43

In recent years, different approaches have been devel-
oped to enhance NK cell cytotoxicity and facilitate 
targeted antitumor activity. NK cells have been modified 
with chimeric CD64/CD16A Fc receptors, or combined 
with bispecific or trispecific killer cell engagers such as 
bispecific antibodies cross-linking tumor antigens with 
FcγRIIIa (CD16) or NKG2D, or tetraspecific ANKET 
molecules.44–49 In addition, NK cells carrying a universal 
CAR have been developed, which can be targeted to a 
tumor antigen of choice by combining them with a 
respective bispecific adaptor molecule.50 51 Further 
research appears justified to investigate whether these 
therapeutic strategies like classical ADCC are affected by 
ICAM-1 downregulation, or can overcome this resistance 
mechanism similar to NK cells engineered with a conven-
tional CAR. Recently, FcγRIIIa-expressing haNK cells have 
been further modified to also express a tumor-targeting 
CAR (t-haNK cells).52 In the context of our findings, this 
approach may benefit from both, the flexibility to induce 
ADCC by combination with different therapeutic anti-
bodies, and the CAR-dependent resistance to inhibition 
by ICAM-1 downregulation.

High-resolution analysis of the immunological synapse 
with TIRF microscopy revealed that CAR-NK cells do 
not recruit ICAM-1 molecules to the immunological 
synapse. In contrast, NK cells combined with trastuzumab 
recruited ICAM-1, and formed typical pSMAC structures. 
Nevertheless, how ICAM-1 molecules are excluded from 
the immunological synapse of CAR-NK cells is unclear at 
present, and requires further investigation.

LFA-1 plays multiple roles in NK cells, including intercel-
lular adhesion and signal transduction.19 Our data suggest 
that its contribution to cell–cell adhesion is not relevant 
for trastuzumab-mediated or CAR-mediated targeting of 
NK cells. Presumably, the interaction with target cells via 
trastuzumab and FcγRIIIa or the CAR is already strong 
enough, and LFA-1 does not provide any additional 
benefit. We also showed that the ICAM-1/LFA-1 inter-
action does not affect granule polarization toward the 



14 Eitler J, et al. J Immunother Cancer 2024;12:e008155. doi:10.1136/jitc-2023-008155

Open access�

immunological synapse, suggesting that a different mech-
anism is involved in ICAM-1-based resistance of ICAM-1low 
cells to trastuzumab-mediated ADCC. Instead, our data 
demonstrate that LFA-1 is rather required to provide crit-
ical molecular signals for ADCC, which is consistent with 
earlier data obtained with insect target cells.31 53 In our 
case, activation of Pyk2 signaling via LFA-1 was essential 
for trastuzumab-mediated ADCC, with FcγRIIIa stimula-
tion alone unable to activate this pathway. In contrast, 
CAR-activation resulted in Pyk2 phosphorylation in NK 
cells independent of LFA-1, providing a mechanistic 
explanation for the observation that functionality of 
CAR-NK cells was not affected by ICAM-1 downregulation 
on cancer cells. At the same time, we showed that during 
both, FcγRIIIa/LFA-1 and CAR-based signaling, Pyk2 
phosphorylation correlated with the phosphorylation 
of ERK1/2, which is an important downstream NK cell 
signaling molecule leading to NK cell activation and cyto-
toxicity.54 It has been shown by others that ERK1/2 is one 
of the downstream signaling pathways of Pyk2, suggesting 
that FcγRIIIa/LFA-1 or CAR-mediated phosphorylation 
of Pyk2 contributes to downstream NK cell activation 
signals through ERK1/2-mediated signaling.55 56 Further 
research is needed to elucidate these complex molecular 
signaling pathways in antibody-targeted and CAR-targeted 
NK cells in order to improve NK cell-based therapies. 
Importantly, in our study we tested one of the most widely 
used CAR signaling molecules based on CD3z and CD28 
stimulation, but recently novel CAR signaling molecules 
have been introduced to replace classical T cell-based 
signaling modules to enhance NK cell cytotoxicity,57 58 
and it would be clinically relevant to test whether these 
novel CARs are dependent on ICAM-1 expression on 
cancer cells and which signaling pathways are employed.

CONCLUSION
Our study clearly demonstrates that ICAM-1 is an 
important checkpoint in trastuzumab-mediated NK cell 
cytotoxicity. Hence, cancer cells that downregulate or 
shed ICAM-1 are more likely to escape trastuzumab treat-
ment. In sharp contrast, CAR-NK cells targeting the same 
tumor antigen remained unaffected by ICAM-1 down-
regulation or loss of LFA-1 stimulation. Mechanistically, 
the distinct signaling properties of FcγRIIIa and CAR 
can explain this difference. CAR-activation can substitute 
for LFA-1-mediated Pyk2 signaling and rescue NK cell 
degranulation, cytotoxicity and cytokine release that is 
otherwise abrogated on encounter of ICAM-1low or ICAM-
1-negative cancer cells. Accordingly, for the treatment of 
ErbB2-positive but ICAM-1low breast cancers a combina-
tion of trastuzumab with ICAM-1 upregulating drugs like 
5AZA, or application of ErbB2-specific CAR-NK cells may 
be warranted. Future studies will be aimed at investigating 
whether the same mechanisms apply to therapeutic anti-
bodies and CAR-NK cells targeting tumor antigens other 
than ErbB2, as well as to alternative targeting approaches 
based on bispecific NK cell engagers and modular CAR 

systems. This is expected to provide more comprehensive 
insights in ICAM-1-based immune escape, which will be 
relevant for the development of further refined and more 
effective NK cell therapies.
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