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ABSTRACT
Humoral immunity utilizes antibodies and immune effector cells to mediate dysregulated cancer cell killing. These mechanisms
are referred to as Humoral Immuno-Oncology (HIO). HIO immunosuppression is mediated by tumor-produced proteins called
HIO factors. Using a combination of patient serum analysis and literature searches, we screened a number of samples to determine
if they suppressed HIO. Herein, we identified that ICAM-1 (intercellular adhesion molecule 1) can bind IgG1-type antibodies and
suppress their immune effector activity. Through a series ofmutagenesis, we identified a uniquemotif within the IgG1CH3 domain
essential for ICAM-1 binding, which inhibits antibody-dependent cellular cytotoxicity and complement-dependent cytotoxicity.
Conservative amino acid substitutions within the CH3 domain were able to abrogate ICAM-1 binding and overcome ICAM-
1 mediated immune effector suppression. Additionally, isogenic tumor cell lines with silenced ICAM-1 expression were more
susceptible to antibody–drug conjugate (ADCs) cytotoxicity than parental cells. This effect appeared to correlate with membrane
ICAM-1 binding to the IgG1 component that reduced ADC internalization, a function important for maximal target cell killing.
These findings highlight a novel mechanism by which tumors can suppress the host’s immune system for survival and offer new
concepts for engineering antibody-based therapeutics that are refractory to ICAM-1 immunosuppression.

1 Introduction

Humoral immunity is a mechanism by which vertebrates
surveil and defend against dysregulated host cells via antibody-
mediated killing. In cancer biology, immune checkpoint
inhibitors overcome suppressed cellular-mediated immunity
by unleashing activated CD8+ T-cell killing against tumor
subsets [1]. Several commercially approved therapeutic
antibodies have been reported to exhibit their tumor-killing

effects through antibody-dependent cellular cytotoxicity
(ADCC), antibody-dependent cellular phagocytosis (ADCP),
and complement-dependent cytotoxicity (CDC) [2, 3].
The field encompassing these mechanisms is referred
to as Humoral Immuno-Oncology (HIO). Translational
findings have shown that tumors produce HIO factors
that can suppress humoral immune pathways and in turn
suppress the tumoricidal effects of ADCC, ADCP, and CDC
[4–8]. Moreover, HIO factors can also bind to antibody

Abbreviations: ADC, antibody–drug conjugate; ADCC, antibody-dependent cellular cytotoxicity; CDC, complement-dependent cytotoxicity; HIO, humoral immuno-oncology; RTX, rituximab; TSTZ,
trastuzumab.
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components within antibody–drug conjugates (ADC),
reduce their internalization and target cell killing [9].

The antibody-mediated humoral immune response is governed
by antibody engagement with Fc-γ-activating receptors CD16a
and CD32a on immune effector cells to initiate ADCC or ADCP
as well as engage with C1q complement initiating protein to
elicit antibody-bound target cell death via the classical CDC
pathway [10].

Intercellular adhesion molecule 1 (ICAM-1) is a cell surface
glycoprotein that is normally expressed on endothelial and
immunocompetent cells. It is a member of the immunoglobulin
superfamily and a transmembrane protein possessing an amino-
terminus extracellular domain, a single transmembrane domain,
and a carboxy-terminus cytoplasmic domain [11]. ICAM-1 is a
ligand for LFA-1, a receptor found on leukocytes [12]. When
activated, leukocytes bind to endothelial cells via ICAM-1/LFA-
1 and then transmigrate into tissues [13]. It is also a ligand for
tumor-expressed MUC1 [14]. The ICAM-1/MUC1 interaction is
thought to support tumor metastasis in certain cancer types.
Several reports have found that both tumor-produced soluble
andmembrane-bound forms of ICAM-1 are associated with poor
prognosis in patients with multiple myeloma (95%), NSCLC
(75%), melanoma (70%), metastatic breast (63%), gastric (49%),
metastatic colorectal cancers (40%), and large B cell lymphoma
(28%), with the frequencies of expression for each cancer type
shown in parentheses [15–17]. In particular, Roland et al. [16]
report that the level of ICAM-1 expression on tumor cells dictates
their metastatic potential and patient lethality. Additionally,
several of these cancers are treated with antibody-based therapies
employing immune effector mechanisms of killing, including
trastuzumab and pertuzumab for breast cancer, cetuximab for
colorectal cancer, rituximab for lymphoma, and daratumumab
for multiple myeloma [6, 18–20].

In an attempt to identify the spectrum of tumor-produced HIO
factors in human cancers, we have screened an array of proteins
reported to be produced by various cancer types by employing
molecular- and cell-based humoral immune response assays.
As soluble ICAM-1 has been reported to be associated with a
variety of cancers, we screened for its ability to suppress humoral
immune activity via direct antibody binding and ADCC using
cell-based reporter assays. Here, we report that both soluble
and membrane-bound ICAM-1 proteins specifically interact with
the CH3 domain of IgG1-type antibodies and in turn suppress
their humoral immune activities (ADCC and CDC). Mutational
analysis of IgG1 antibodies uncovered an essential motif within
the CH3 domain required for ICAM-1 binding. Amino acid
substitutions within this domain were found to render anti-
bodies resistant to ICAM-1 binding and refractory to humoral
immunosuppression. Moreover, ICAM-1 binding to antibody
components of ADCswas found to reduce ADC target cell killing,
similar to other HIO factor immunosuppressors [9]. This effect
appears to involve ADC internalization, a requisite for maximal
ADC target cell killing [21]. Here, we show that therapeutic
antibodies in native and ADC formats could be engineered with
a modified ICAM-1 binding domain to enable them to be more
effective in killing cancer cells over expressing ICAM-1 or in
microenvironments with soluble ICAM-1.

2 Results

2.1 Soluble ICAM-1 (sICAM-1) Binds to
IgG1-Type Antibodies and Inhibits ADCC

Elevated ICAM-1 protein levels have been reported to be asso-
ciated with various cancers as well as with poor prognosis
of patients to standard-of-care therapies [15–17]. To evaluate
its potential effect on humoral immunosuppression of anti-
body immune effector activity, sICAM-1 was first evaluated for
antibody binding. Using ELISA assays, sICAM-1 or IgG1-type
antibodies were coated on 96-well microplates and probed with
biotinylated antibodies or sICAM-1, respectively. As shown in
Figure 1A, biotinylated trastuzumab (TSTZ) is significantly bound
to immobilized sICAM-1 but not to biotinylated control protein.
Conversely, biotinylated sICAM-1 (b-sICAM-1) is significantly
bound to immobilized pertuzumab (PTZ; Figure 1B) but not to
immobilized control protein. To determine if ICAM-1 bindingwas
specific for IgG1-type antibodies, other antibody isotypes were
tested for sICAM-1 binding using similar assays as above. As
shown in Figure S1, sICAM-1 appeared to be specific for binding
IgG1 as no significant binding was observed with IgM, IgG2, or
IgG4. ICAM-1 has been found to be expressed by endothelial and
tumor cells in the hypoxic/acidic tumor microenvironment [22,
23]. ELISAs were conducted using acidic buffers to determine
if ICAM-1 can bind IgG1 under acidic conditions. As shown in
Figure S2B, ICAM-1 can significantly bind IgG1 in the acidic (pH
5.5) environment, showing its potential for humoral immunosup-
pression of antibodies targeting cells within the hypoxic/acidic
microenvironment.

To evaluate if the binding of sICAM-1 could suppress antibody-
mediated immune effector cell function, the Jurkat-CD16a
ADCC reporter assay was employed as previously described
[24]. CD20-expressing Daudi cells were used as target cells
and treated with the anti-CD20 rituximab (RTX) antibody in
the presence of varying sICAM-1 concentrations. As shown in
Figure 1C, a significant dose-dependent inhibition of Jurkat-
CD16a ADCC reporter cell activation was observed beginning
at 1 µg/mL. To explore ICAM-1’s broader activity against other
therapeutic antibodies, cetuximab, TSTZ, and PTZ were tested
against EGFR-positive A431 and HER-2-positive SK-BR-3 cells,
respectively, using the same ADCC reporter assay format. As
shown in Figure 1D, similar inhibitory results were observed,
suggesting that sICAM-1 humoral immunosuppression was a
universal phenomenon on IgG1-type antibodies. As sICAM-
1 does not bind to CD16a Fc-γ-receptor (Figure S2A), we
hypothesized that sICAM-1 binds directly to the antibody,
thus mediating the observed sICAM-1 inhibition of CD16a
effector function shown in Figure 1C,D. Next, we determined
if sICAM-1 directly prevented the binding of antibodies to
the ADCC activating CD16a Fc-γ-receptor via ELISA binding
assays. As shown in Figure 1E, we observed a significant
inhibition of CD16a binding to antibodies when substrate-
bound cetuximab was probed with biotinylated CD16a in the
presence of sICAM-1. Moreover, as CDC is a major medi-
ator of humoral immunity for a number of commercially
approved antibodies including cetuximab, RTX, and TSTZ,
we investigated if sICAM-1 can also inhibit CDC. Under
similar ELISA assay conditions and using biotinylated C1q
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FIGURE 1 Soluble ICAM-1 binds to IgG1-type antibodies and inhibitsADCCactivity. (A) Substrate-bound soluble ICAM-1 (sICAM-1)was tested for
binding to biotinylated TSTZ and irrelevant control protein human serum albumin (HSA). (B) Substrate-bound PTZwas tested for binding to biotinylated
sICAM-1 and HSA control protein. Student’s t-test was used to analyze the control protein signal to TSTZ and PTZ signal. Asterisks indicate statistically
significant (p value <0.05) ADCC inhibition. (C) A dose titration of sICAM-1 on ADCC inhibition of RTX on Daudi target cells was tested using the
Jurkat-CD16a ADCC reporter assay. Student’s t-test was used to analyze signal of each concentration of sICAM-1 to no sICAM-1 control. (D) The effect
of sICAM-1 on ADCC activity of pharmaceutically approved IgG1-type therapeutic mAbs was tested by comparing ADCC activity in the presence or
absence of sICAM-1. The effect of sICAM-1 on cetuximab binding to CD16a Fc-γ-receptor (panel E) and C1q protein (panel F) was tested. Student’s t-test
was used to analyze the ADCC signal, CD16, or C1q binding of each antibody in the presence or absence of sICAM-1 in panels D, E, and F, respectively.
All data points in panels are mean ± SD of triplicate values and are representative of three independent experiments.

as a probe, sICAM-1 was found to block C1q-IgG1 interac-
tion (Figure 1F). Taken together, the presence of sICAM-1 in
the tumor microenvironment could play a significant role in
inhibiting the therapeutic activity of antibodies using immune
effector activity. sICAM-1 binding assays testing antibody bind-
ing to target antigen found no effect on antibody-antigen
binding.

2.2 Soluble ICAM-1 Binds Within the Fc Domain
of IgG1

An antibody fragmentation strategy was pursued in an attempt
to identify the region to which ICAM-1 binds IgG1. First,
IgG1-derived Fc and Fab fragments were generated via papain
enzymatic digestion andused to coat ELISAplates in parallelwith
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FIGURE 2 sICAM-1 binds to the IgG1 Fc domain. (A) ELISAs using immobilized cetuximab and derived antibody fragments were tested for
biotinylated sICAM-1 (b-sICAM-1) binding. (B) ELISAs using immobilized RTX, derived fragments, or recombinantly expressed CH domains were tested
for b-sICAM-1 binding. For panels A and B, Student’s t-test was used to individually analyze each sample binding signal compared with HSA signal.
All data points in panels A and B are mean ± SD of triplicate values and are representative of three independent experiments. (C) IgG1 Fc mapping
summary of the ICAM-1 binding domain constructs. Top numbering indicates residue position within the CH3 domain. The left column is construct
numbers referred to in the Results section. Deletion constructs are designated with “Δ”. Underlined grey amino acids indicate the Flag tag. Substitution
mutations are highlighted in black. The right column indicates the ability (+) or inability (−) of antibody variants to bind ICAM-1. Vertical lines indicate
the CH3 region of critical importance for ICAM-1 interaction. Loss of ICAM-1 binding to truncation mutations 4 and 5 but not 3 localizes the ICAM-1
binding region within the 404-410 amino acid sequence.

intact IgG1 (cetuximab). Plates were probed with biotinylated
sICAM-1 (b-sICAM-1) and secondarily with streptavidin-HRP. As
shown in Figure 2A, the Fc domain bound sICAM-1 similar to
the full-length cetuximab, while (Fab’)2 control protein did not.
In an effort to further define the binding region within the Fc
domain, His-tagged single-chain CH2 and CH3 domains were

recombinantly produced and tested via ELISA in parallel with
proteolytically generated antibody fragments derived from the
RTX antibody (Figure 2B). As observed above, full-length RTX
and the papain-generated Fc domain bound sICAM-1, however,
neither recombinant CH2 nor CH3 domain bound sICAM-1.
These results suggested that either the bivalent interaction of
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both heavy chain fragments was required for sICAM-1 bind-
ing or the binding domain included more than just the CH2
or CH3 domain. Strategies to address these possibilities were
pursued below. The use of different full-length IgG1 antibodies,
that is, cetuximab and RTX, were purposely employed to con-
firm a universal sICAM-1 binding domain within the IgG1 Fc
structure.

2.3 Mapping of the ICAM-1 Binding Domain by
Deletion and Substitution Mutagenesis

To further delineate the IgG1 Fc ICAM-1 binding region, GST
fusion proteins comprised of IgG1 N-terminal hinge through
C-terminal CH3 region and a C-terminal Flag Tag were expressed
in 293F cells to generate dimeric Fc fragments. We employed this
strategy in light of the data above that showed sICAM-1 binding
to IgG1 Fc dimer but not to single-chain CH2 or CH3 protein
domains. Competition ELISAs employing supernatants from the
various Fc constructs were used to identify those that may bind
ICAM-1. Briefly, 96-well microplates were coated with RTX and
then probed with b-sICAM-1 in the presence of the various con-
struct supernatants. A summary of deletion constructs is shown
in Figure 2C. An example of a typical competition assay is shown
in Figure 3A, where b-sICAM-1 is shown in the left bar to bind the
immobilized full-length IgG1 antibody. Bars to the right represent
similar wells treated with potential competitor fragments. As
shown, an excess of RTXantibody competed for sICAM-1 binding.
As expected, GST-Fc (construct 1, Figure 2C) was also bound
by sICAM-1, while (Fab’)2 and GST control did not. By using
various deletion mutants in this assay, we were able to refine the
sICAM-1 IgG1 binding domain. As shown in Figure 3A, construct
3, which deletes CH3 residues distal to amino acid 411, competed
for sICAM-1 binding, while other deletion mutants within the
CH3 domain (constructs 4 and 5) did not. These data suggest
that the sICAM-1 binding region is localized in the dimeric
IgG1 Fc CH3 domain. To further refine the residues essential for
sICAM-1 CH3 binding, mutant full-length RTX antibodies were
generated using glycine/alanine substitutions within the CH3
region. This approach was employed because systematic alanine
substitution is useful in the identification of functional epitopes.
The substitution removes all the side chain atoms past the beta-
carbon. If any side chain function is present in the native protein,
it is interfered with by the substitution of alanine as it lacks
unusual backbone dihedral angle preferences. Additionally,
glycine can also nullify the sidechain but adds a property of
flexibility in the protein backbone [25]. Therefore, we used both
residues to remove side chains as well as allow flexibility. As
shown in Figure 3B, constructs 22 and 24 did not compete with
sICAM-1 binding to parental RTX, while construct 21 showed
partial competition. Because these residues appear hydrophobic,
their effect on sICAM-1 binding may be a result of altered
antibody tertiary structure. Further analysis of these constructs
using functional assays to assess immune effector activity via
ADCC reporter assays found all of them to be devoid of effector
cell activation, suggesting that these amino acid changes caused
a major perturbation of antibody Fc structure that negatively
affects CD16a Fc-γ-receptor binding. Consistent with this
view, previous reports have shown that CH3 tertiary structure
is important for CH2 binding to Fc receptors as discussed
below [26].

2.4 ICAM-1 Affinity Binding to IgG1

As the binding of sICAM-1 appears specific for the IgG1 Fc
domain, we determined its relative binding affinity using an
ELISA-based competition assay. These assays have been previ-
ously shown to be reflective of relative protein-ligand binding
affinity [27]. To validate the accuracy of this assay in comparison
to surface plasmon resonance (SPR) methods, we tested the
binding affinity of the low-affinity human CD16a Fc-γ-receptor
(CD16a-158F) to IgG1. As shown in Figure S3A, the Ki inhibition
constant was determined to be 683 nM, which is similar to the
720 nM affinity reported using SPR [28]. Using immobilized IgG1
and sICAM-1 as probes, we determined the Ki of sICAM-1 to IgG1
to be 288 nM (Figure S3B).

2.5 Conservative Substitutions in the IgG1
407–410 Region Inhibits sICAM-1 Binding and
Retains ADCC Activity

In an effort to generate CH3-modified IgG1 antibodies that are
refractory to sICAM-1 binding and retain antibody immune effec-
tor function, additional modifications within the 407–410 region
of RTX were performed by incorporating conservative amino
acid substitutions [29, 30]. Modified full-length antibodies were
then tested for sICAM-1 binding and ADCC activity. As shown
in Figure 3C, parental RTX was able to block 79% of sICAM-1
interaction with substrate-bound RTX in the ELISA competition
assay. Constructs 25, 26, and 27 exhibited less competitive ability
(33%), inferring reduced ICAM-1 binding. For construct 27, we
employed a point-accepted mutation scoring matrix (PAM250)
[31]. In brief, this method suggested the most likely naturally
occurring amino acid change at each given position as a way
to conserve the buried domain, resulting in the YSKL to FARV
amino acid sequence modifications. Variants were then tested
for immune effector activity via ADCC reporter assays on Daudi
target cells in the absence or presence of sICAM-1 (Figure 3D,E).
While RTX mutants 25 and 26 did not have CD16a activation
activity, RTXmutant 27 (referred to herein as RTX-FARV) showed
robust CD16a activation in the presence of sICAM-1. Immuno-
precipitation assays were performed with RTX and RTX-FARV
to evaluate their interactions with sICAM-1. As shown in Figure
S4A, a 75% reduction in ICAM-1 binding was observed using
RTX-FARV compared with RTX (Figure S4B). Taken together,
these data suggest the conservative FARV substitution of residues
407–410 within construct 27 retains robust ADCC activity while
exhibiting a significant reduction of sICAM-1 binding and ADCC
inhibition. Single amino acid changes within these residues had a
lesser effect. Importantly, these four amino acid changes did not
appear to change the overall biochemical properties of RTX-FARV
compared with RTX as discussed below and shown in Figure S5.

2.6 Membrane ICAM-1 Reduces IgG1 ADCC
Activity and ADC Cytotoxicity

Previous research has shown that tumor-produced HIO factors
that bind to ADCsmay reduce their internalization and cytotoxic-
ity against target cells [9]. Additionally, several reports have found
that the soluble and membrane-bound ICAM-1 are elevated in a
number of cancers [15, 17]. We, therefore, sought to determine
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FIGURE 3 Competition ELISAs map the ICAM-1 binding site within the IgG1 Fc CH3 domain. (A) Sample ELISA assay using deletion constructs.
96-well microplate plates coated with RTX were probed with b-ICAM-1 in the presence of supernatants containing various constructs at 5 µg/mL to test
for competitive binding. Numbers indicate mutants from Figure 2C. A decrease in OD450 (below line) indicates competition via sICAM-1 binding to the
soluble Fc competitor. (B) Quantified inhibition of sICAM-1 binding to gly-ala substitutionmutations within the CH3 region 404–410. Numbers indicate
mutants from summary data in Figure 2C. Student’s t-test was used to individually analyze sICAM-1 binding inhibition to RTX by each mutant. (C)
96-well microplates were coated with RTX and probed with b-sICAM-1 in the presence of construct supernatants to determine sICAM-1 binding in the
presence of mutant fragments. Percent inhibition is calculated as 1 − [(competitor + b-ICAM-1)/(no competitor + b-ICAM-1)] × 100%. (D) To test the
effect of sICAM-1 on RTX versus RTX-FARV ADCC suppression, Daudi cells were plated in triplicate wells with Jurkat-CD16 ADCC reporter cells and
100 ng/mL antibodies plus 5 µg/mL sICAM-1. RTX-FARV had significantly less ADCC inhibition by sCAM-1 compared with RTX (p= 0.0015). (E) Same
as in panel D, where the % of inhibition of RTX/CD16 Fc receptor binding is shown. Student’s t-test was used to compare inhibition of RTX to RTX-FARV
in the presence of sICAM-1. All data points in panels are mean ± SD of triplicate values and are representative of three independent experiments.

in vitro if downregulation of membrane ICAM-1 expression in
target cells would enhance the toxicity of ADCs containing wild-
type IgG1 antibody components. To evaluate this, we employed
anti-HER2 TSTZ and PTZ ADCs against HER2-expressing HCT-
116 target cells modified with ICAM-1 shRNA constructs to
silence ICAM-1 expression as previously described [24]. Multiple
independent clones were generated and shown to have absent or
reduced ICAM-1 protein expression (Figure 4A, top panel) while
retaining similar amounts of HER2 target antigen expression as
the parental line (Figure 4A, middle panel). Saporin-conjugated
trastuzumab (TSTZ-ZAP) and pertuzumab (PTZ-ZAP) ADCs
were tested on HCT-116 parental or isogenic HCT-116 shRNA
ICAM-1 knockdown (HCT-116-KD) cells to determine if ICAM-1
affects ADC cytotoxicity. As shown in Figure 4B, both antibodies
had a significant killing of HCT-116-KD cell clones 96.2 and 93.3
in comparison to parental (WT) and shRNA scrambled (SCRM)

cell lines. To confirm the suppressive effects of ICAM-1 on
TSTZ, we generated an ICAM-1 refractory TSTZ-FARV antibody
and tested it for sICAM-1 immunosuppression using the Jurkat-
CD16a ADCC assay. To avoid the potential effects of membrane
ICAM-1, we used HCT-116 KD 93.3 cells as a target. Briefly, 96-
well microplates were seeded with target cells and tested for
CD16a activation using Jurkat-CD16a-158F (standard CD16a Fc
low-affinity reporter cell employed in all other assays) and Jurkat-
CD16a-158 V (CD16a Fc high-affinity reporter cell line) in the
absence or presence of 5 µg/mL sICAM-1. As shown in Figure 4C,
sICAM-1 significantly suppressed TSTZ CD16a activation in both
reporter cell lineswhile no suppressionwas observed using TSTZ-
FARV (p < 0.0063). These data suggest that membrane-bound
ICAM-1 has an inhibitory role in ADC cytotoxicity and that
membrane-bound ICAM-1 also has an immunosuppressive effect
on TSTZ.

6 of 14 European Journal of Immunology, 2025
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FIGURE 4 Downregulation of ICAM-1 enhances antibody–drug conjugate (ADC) target cell killing. (A)Western blot analysis of ICAM-1 inHCT116
knockdown (KD) and scrambled (SCRM) cells. The top panel evaluates ICAM-1 expression from shRNA HCT116 SCRM, HCT116 KD 92.6, and 93.3
cells. ICAM-1 lane is sICAM-1 recombinant protein used as a positive control. Cell lysates were probed to confirm that equivalent HER2 expression was
retained across the various cell lines. Lysates fromChineseHamsterOvarian (CHO) cellswere used as aHER2negative control. The species cross-reactive
anti-GAPDH antibody was used to show equivalent protein loading from the same lysates used for ICAM-1 and HER2 Westerns. Arrows indicate the
expected molecular weight of each protein. Molecular weight values are indicated on the left side of each panel. Western blots are representative of two
independent experiments. Full western blots for ICAM-1 and HER2 expression can be found in Figure S8. (B) ICAM-1 knockdown clones HCT-116 KD
92.6 and 93.3 were tested for antibody-saporin conjugate (ZAP) cytotoxicity as compared with the parental HCT-116WT and scrambled control cell lines.
Cytotoxicity of cells treated with TSTZ-ZAP, PTZ-ZAP conjugates, or saporin alone (ZAP) for 96 h was determined. Wells were stained with crystal violet
to quantitate % cytotoxicity ((1-untreated cells/treated cells) × 100%). Student’s t-test was used to compare ADC killing of HCT116 WT to HCT116 SCRM
and HCT116 KD cell lines. (C) TSTZ-FARV was tested for sICAM-1 immunosuppression using Jurkat-CD16a-158F low affinity and Jurkat-CD16a-158 V
high-affinity ADCC reporter cells. HCT-116 KD 93.3 cells were plated in 96-well microplates and tested for CD16a activation in the absence or presence of
5 µg/mL sICAM-1. sICAM-1 was able to suppress CD16a activation of parental TSTZ (p < 0.0063) while no suppression was observed using TSTZ-FARV.
All data points in B and C are mean ± SD of triplicate values and are representative of three independent experiments. Significant killing is indicated by
asterisks and determined using the student’s t-test comparing the cytotoxicity of parental and FARV antibody mutants.
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FIGURE 5 IgG1 FARV mutants have enhanced internalization rates compared with parental antibodies in ICAM-1 expressing target cells. (A)
OVCAR-CD20 cells were tested for internalization of RTX and RTX-FARV antibodies. Each antibody was converted into pHrodo probes and used
to measure internalization from incubation time 0 (T0) to X (TX) for up to 24 h. RTX-FARV had significantly more internalization than parental
RTX (p < 0.0008). (B) HCT116 cells were tested for internalization of parental TSTZ and TSTZ-FARV antibodies. TSTZ-FARV had significantly more
internalization than TSTZ (p < 0.004). Percent internalization was determined by measuring relative fluorescence units (RFU) at various incubation
time points vs T0. All data represent triplicate values. Student’s t-test was used to compare parental and FARV antibodies at each timepoint. All data
points in panels are mean ± SD of triplicate values and are representative of three independent experiments.

Previous studies have found that internalization rates are a key
feature required for maximal ADC target cell killing [21] and
that ADC interaction with cell surface proteins may inhibit
uptake [9]. To determine if ICAM-1 binding to IgG1 may have
an impact on antibody internalization, we employed the pHrodo
internalization system to compare the internalization of RTX and
RTX-FARV. As shown in Figure 5A, RTX had an approximately
fourfold lower internalization than RTX-FARV (p < 0.0008) in
OVCAR-CD20 target cells. To confirm the RTX findings, we
also analyzed the internalization of TSTZ and TSTZ-FARV in
HCT116 cells. As shown in Figure 5B, parental TSTZ had a ∼10-

fold lower internalization rate than TSTZ-FARV (p < 0.004).
These data suggest that membrane-ICAM-1 negatively impacts
IgG1 uptake and FARV-modified IgG1-based ADCs may benefit
from improved target cell cytotoxicity when used to treat ICAM-1
expressing target cells.

One caveat of modifying residues within the IgG1 Fc domain
may be the introduction of instable assembly or alterations of
important physiological properties such as CD16a-Fc-γ-receptor
binding for immune effector activity or FcRn binding, which is
important for IgG1 systemic half-lives (Figure S7). To address
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these potential issues, we have scaled both RTX-FARV and TSTZ-
FARV production cell lines up to 200 mL cultures and found
their homogeneity to be similar to that of their parental versions
(Figure S5A). Binding analysis of CD16a Fc-γ-receptor to RTX-
FARV appeared to be similar to parental RTX (Figure S5B), which
is supportive of the ADCC findings shown in Figure 3D. Analysis
of FcRn binding to RTX-FARV and TSTZ-FARV found both to be
similar to their parental antibodies (Figure S5C). These findings
support the potential use of FARV-modified IgG1-type antibodies
to treat ICAM-1-expressing cancers.

3 Discussion

Host humoral immune response mediated by antibodies eliciting
cytotoxic effects against dysregulated cells is a powerful defense
mechanism to eradicate transformed cells. Previous translational
studies of antibodies used in cancer clinical trials have identified
the CA125/MUC16 protein to immunosuppress humoral immune
responses against antigen-expressing target cells [6, 8, 24]. In an
attempt to identify other such proteins, we screened over 125
proteins reported in the literature to be expressed by tumors and
present in the tumor microenvironment for direct IgG1 binding.
Our efforts identified ICAM-1 as one of the very few proteins
along with CA125 that bind IgG1 and, in turn, immunosuppress
their immune effector activity. Interestingly, there appears to be
a divergent overlap of ICAM-1 and CA125 in different cancer
types. For example, over 95% ofmultiplemyeloma express ICAM-
1 with little to no CA125 overexpression [32, 33], while conversely,
95% of mesothelioma express CA125 with little to no ICAM-1
overexpression [8, 34].

Previous studies have shown that membrane-bound ICAM-1
plays a role in enhancing the ADCC of NK cells via LFA binding
and blocking this interaction reduces its ADCC activity on target
cells [35, 36]. Interestingly, none of these studies took into
account the potential effect of ICAM-1 binding to antibodies.
In order to avoid potential complications of the ICAM-1/LFA
pathway on interpreting the effect of ICAM-1 on IgG1-mediated
ADCC, we employed the Jurkat-CD16a reporter cell line that
monitors CD16a Fc-γ-receptor activation independent of LFA,
a prerequisite for ADCC activity by effector cells. As shown
in Figure 1, sICAM-1 had a significant dose-response effect
(p < 0.003) on suppressing RTX-mediated CD16a activation
against Daudi cells (Figure 1C) as well as on other IgG1-type
antibodies against antigen-expressing target cells (p < 0.008;
Figure 1D). While human serum contains an abundance of IgG1,
the impact of soluble and membrane ICAM-1 on therapeutic
antibody immunosuppression is unknown. To address this, we
employed the Jurkat-CD16a assay to measure the impact of
human serum on TSTZ and the ICAM-1 refractory TSTZ-FARV.
As shown in Figure S6A, TSTZ-FARV still showed a significantly
better ADCC activation than the parental TSTZ, even in the
presence of serum IgGs. These data suggest immune effector
activity at the cell surface of the target cell may be negatively
impacted by ICAM-1 despite the IgG1 levels in circulation.

Our findings show that ICAM-1 has specificity for the 407–410
CH3 domain of IgG1 but not IgG2,which is 100% identical to IgG1,
or IgG4, which has a single amino acid change at 409. This may
be likely due to distal amino acid changes that have been shown

by others to affect antibody Fc three-dimensional structure and
function [37].

The IgG1 CH3 domain is known to include the binding regions
for various factors, including the neonatal Fc-receptor (FcRn), the
tripartite motif-containing protein 21 (TRIM21), the Fc-receptor-
like receptors (FcRL4/5), and Staphylococcus proteins A and G
[38, 39]. This domain is also important formaintaining the tertiary
structure of the Fc heavy chain, including residues located within
the CH2 domain that are responsible for CD16a Fc-γ-receptor
and C1q protein binding to elicit immune effector activities [26].
This is supported by our findings that certain nonconservative
mutations within the ICAM-1 CH3 binding region can positively
or negatively affect ADCC immune effector activity (Figure 2C).
Interestingly, ICAM-1 binding appears to require CH3 in its
dimeric form as CH3 monomers did not bind ICAM-1 in ELISA
competition assays (Figure 2B) while Protein A and FcRn are
reported to be able to bind to CH3 monomers. The crystal three-
dimensional structure of the IgG1 CH3 domain has been found to
be highly compacted in contrast to the CH2 domain, potentially
explaining the need for dimeric CH3 structure to support ICAM-1
binding [40].

The finding that ICAM-1 binding to ADCs can negatively impact
their target cell killing (Figure 4B) provides new insights and
considerations for ADC engineering. First, it allows one to
consider the appropriate use of ADCs in cancers that over express
ICAM-1 for patient selection. Several cancers have been reported
to over express ICAM-1 [16]. For approved ADCs used to treat
ICAM-1-expressing cancer types, patients can first be screened
to determine ICAM-1 status by immunohistochemistry or serum
analysis for sICAM-1. Those with elevated ICAM-1 may not be
ideal candidates for ADC treatment using antibody components
with wild-type IgG1 CH3 residues. Alternatively, the use of ADCs
containing IgG1 antibody components with a FARV motif may
be useful in designing ADCs during the early development stage
in addition to using optimal linkers and payloads. This concept
is supported by the finding that RTX-FARV and TSTZ-FARV
antibodies are less affected by ICAM-1 binding and diminished
target cell internalization compared with parental RTX or TSTZ
(Figure 5). Together, the molecular binding, ADCC, ICAM-1
cellular knockdown, and ADC killing data shown here confirm
the inhibitory effects of ICAM-1 on IgG1-type antibody humoral
immune effector activity due to direct antibody binding, and
this effect may also negatively impact next-generation antibody
formats such as ADCs.

4 Materials andMethods

4.1 Cell Lines and GrowthMedia

A431, Jurkat-CD16a, Daudi, HCT-116, HCT-116 shRNA clones,
OVCAR-CD20, SKBR3, and HEK293F cells were all grown in
RPMI 1640 with L-glutamine, penicillin/streptomycin, and 7.5%
fetal bovine serum (R7.5). OVCAR-CD20 cells were grown in
R7.5 containing 30 µg/mL blasticidin. HCT-116 shRNA clones
were grown in R7.5 containing 1 µg/mL puromycin. Multiple
independent HCT-116 shRNA ICAM-1 knockdown clones were
generated using the shRNA constructs listed below that target
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human ICAM-1 (Origene TG312270) (Sigma) in the samemanner
as previously described [24].

4.2 Direct ELISA Antibody/sICAM-1 Binding
Assays

Ninety-six-well ELISA microplates were coated with 2 µg/mL
soluble human ICAM-1 (sICAM-1, Sino Biologicals), human
IgG1-type antibodies, or control proteins in 50 mM carbonate,
pH 9.0. For binding assays at pH 7.2, wells were washed with
0.05 M phosphate buffer pH 7.2 (PB7.2) and blocked for 1 h
at room temperature with Pierce Blocking solution. Antibodies
and sICAM-1 were biotinylated using the EZ-Link Sulfo-NHS-
Biotin kit (ThermoScientific) and used as probes. Triplicate wells
were probed with 10 µg/mL biotinylated antibodies or 1.5 µg/mL
biotinylated sICAM-1 in PB7.2. Plates were washed with PB7.2
and secondarily probedwith 50 ng/mL streptavidin-HRP in PB7.2
for 1 h. After washes with PB7.2, TMB colorimetric substrate was
added for 5 min at room temperature followed by the addition
of an equal volume of 0.1 N H2SO4 stop buffer. For binding
assays at pH 5.5, similar methods were employed as above, with
the exception of blocking with 5% milk, using 0.05 M PB pH5.5
(PB5.5). Binding was quantitated by absorbance at 450 nm on
a Varioskan plate reader. All data points are mean ± standard
deviation (SD) of triplicate values. Significance was determined
using the Student’s t-test.

4.3 Jurkat CD16a-luciferase ADCC Reporter
Assays

To test for sICAM-1 effects onADCC, the Jurkat-CD16a-luciferase
(Jurkat-CD16a) reporter cell assay (Promega) was employed as
previously described [6, 8, 24]. For dose-dependent effects of
sICAM-1 on ADCC, CD20-expressing Daudi cells were diluted
to 3.64 × 105 cells/mL in ADCC assay buffer (RPMI + L-
glutamine + 1% low Ig FBS) and seeded in black 96-well
microplates in triplicate. Anti-CD20 RTX was added at a final
concentration of 1 µg/mL with increasing concentrations of
sICAM-1 up to 10 µg/mL. One hundred thousand Jurkat-CD16a
cells were added and plates were incubated overnight at 37◦C
in 5% CO2. Reporter cell activation was detected using Bio-
GloTM (Promega) luciferase substrate and lumenswere quantified
using a Varioskan plate reader. Percent inhibition by sICAM-
1 was calculated by (1-lumens+sICAM-1/lumens-sICAM-1) ×
100%. Using similar assays, a panel of commercially approved
antibodies (cetuximab, TSTZ, PTZ) was screened using relevant
antigen-specific target cell lines with 1 µg/mL antibodies and
10 µg/mL sICAM-1. SK-BR-3 cells were employed to test for
sICAM-1 suppression on anti-HER2 TSTZ and PTZ antibodies.
A431 cells were employed to test for suppression of the anti-
EGFR cetuximab antibody. All data points are mean ± SD of
triplicate values. Significance was determined by the student’s
t-test.

4.4 FcRn Antibody Binding Assays

ELISA assays were used to assess CH3 mutations on FcRn-
antibody binding. Soluble human FcRn (R&D Systems) was

biotinylated using the EZ-Link Sulfo-NHS-Biotin kit (Thermo-
Scientifc) and used as a probe. Ninety-six-well microplates were
coated with 1 µg/mL of parental or CH3-modified antibodies
in 50 mM carbonate, pH 9.0. Wells were washed with 0.05 M
phosphate buffer, pH 7.2 (PB7.2), and blocked with PB pH 5.5
(PB5.5) plus 5% milk. Plates were then washed with PB5.5 and
probed with 2.5 µg/mL biotinylated FcRn in PB5.5. Wells were
washed and secondarily probed with 300 ng/mL streptavidin-
HRP in PB5.5 plus 0.5% milk. Finally, wells were washed with
PB5.5 and quantified using TMB colorimetric substrate, stopped,
and analyzed as above. All data points are mean ± SD of
triplicate values. Significance was determined using the student’s
t-test.

4.5 CD16a and C1q Antibody Binding Assays

ELISA assays were employed to test for the impact of sICAM-
1 on CD16a-antibody and C1q-antibody binding. Soluble human
CD16a-158F-HIS (Sino Biologicals) and C1q (Sigma) proteins
were biotinylated as above and used as probes. Ninety-six-well
microplates were coated with 1 µg/mL of human IgG1-type
antibody in 50 mM carbonate, pH 9.0. Wells were washed with
0.05 M phosphate buffer, pH 7.2 (PB), and blocked with PB plus
5% BSA. Plates were then washed and probed with 2.5 µg/mL
biotinylated CD16a-158F-HIS or 1 µg/mL C1q with or without 10
µg/mL sICAM-1.Wells were washed and secondarily probed with
300 ng/mL streptavidin-HRP. Finally, wells were washed with
PB and quantified using TMB colorimetric substrate, stopped,
and quantified as above. All data points are mean ± SD of
triplicate values. Significance was determined using the student’s
t-test.

4.6 sICAM-1 Antibody Binding Competition
Assays to Determine Affinity

ELISA competition assays were employed to determine the
relative binding affinity of sICAM-1 to IgG1. Ninety-six-well
microplates were coated with 1 µg/mL of IgG1-type antibody
in 50 mM carbonate, pH 9.0. Wells were washed with 0.05 M
phosphate buffer, pH 7.2 (PB), and blocked with PB plus 5% BSA.
Plates were then washed and probed with 2.5 µg/mL biotinylated
sICAM-1 in the presence of increasing amounts of nonlabelled
sICAM-1 to determine a competition curve. Binding was detected
using 300 ng/mL streptavidin-HRP. Values were plotted using
a nonlinear regression analysis for ‘saturation binding with one
site’ in GraphPad Prism version 9 (GraphPad Software, Inc.).
As a control to evaluate the accuracy of this assay, biotinylated
huCD16a-158F binding to IgG1 was evaluated using a similar
method.

4.7 Generation of Deletion and Substitution IgG1
Mutant Constructs

A fusion construct encoding an IgG1 secretion leader, human
glutathione S transferase (GST), and human IgG1 constant region
(from the N terminal hinge to C terminal CH3 region) and Flag
Tag was synthesized (Integrated DNA Technologies). The frag-
mentwas PCR amplified using homologous primers containing 5’
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HindIII and 3’ EcoRI sequences (primers JBK0085,83; see primers
list in the table below). The construct was subcloned into the
pcDNA3 vector and sequenced to confirm construct integrity.
Construct 1 showed the C-terminal region of this construct
encoding the CH3 domain and Flag Tag. To generate secreted
IgG1CH2-His andCH3-His constructs, GST-Fcwas used as a PCR
template with primer sets JBK0038/48 and JBK0039/49, respec-
tively to encode a secretion leader sequence and a C-terminal
polyhistidine tag. Expression vector cloning was performed in a
similar manner as above. Secreted constructs were purified with
Ni-NTA resin (G Biosciences). C-terminal deletion constructs 2–5
were generated by PCRwith primer JBK0085 in conjunction with
3’ primers JBK0087-90, respectively. For substitution mutants
(constructs 6–27), sense and antisense primers were synthesized
to encode the highlighted mutations (Figure 2C). Primers were
used with the QuickChange Lightning mutagenesis kit (Agilent).
Individual clones were picked and integrity was confirmed by
DNA sequencing before transient transfection into HEK-293F
cells.

Primer Sequence

JBK0085 TCCGCGGCCAAGCTTGCCGCCACCATGGAATGGAGCTGGGTGTTCCTGTTCTTTCTGT-
CCGTGACCACAGGCGTGCATTCTATGCCGCCCTACACCGTG

JBK0083 AGGGAGAGGGGCGGAATTCTCACTTGTCGTCATCGTCTTTGTAGTCGCTGCCCCCTTT-
CCCGGGAGACAGGGAGA

JBK0038 ACCGGCGTGCACAGCTCTTGTGACAAAACTCACACATGCCCACCGTGCCCAGCACCTG-
AACTCCTGGGGGGACCG

JBK0039 ACCGGCGTGCACAGCTCTTGTGACAAAACTCACACATGCCCACCGTGCCCAGCACCTG-
AACTCCTGGGGCAGCCCCGAGAACCACAGGTG

JBK0040 CCCAAGGACACCCTCATGATCTCCCGGACCCCTGAG
JBK0041 CTCAGGGGTCCGGGAGATCATGAGGGTGTCCTTGGG
JBK0087 AGGGAGAGGGGCGGAATTCTCACTTGTCGTCATCGTCTTTGTAGTCGCTGCCCCCCC-

CCTGCTGCCACCTGCT
JBK0088 AGGGAGAGGGGCGGAATTCTCACTTGTCGTCATCGTCTTTGTAGTCGCTGCCCCCGA-

GCTTGCTGTAGAGGAA
JBK0089 AGGGAGAGGGGCGGAATTCTCACTTGTCGTCATCGTCTTTGTAGTCGCTGCCCCCGG-

AGTCCAGCACGGGAGG
JBK0090 AGGGAGAGGGGCGGAATTCTCACTTGTCGTCATCGTCTTTGTAGTCGCTGCCCCCGT-

TGTTCTCCGGCTGCCC

4.8 HEK-293F Transfection and Production of
GST-Fc Fusions and Full-Length Antibody Mutants

To produce recombinant IgG1 Fc protein fragments, six-well
plates were seeded with 2 × 105 HEK-293F cell/mL in R7.5
media overnight at 37◦C in 5% CO2. The following day, 2.5 µg
of plasmids encoding GST-Fc fusion constructs or 1.25 µg of
each heavy and light chain antibody constructs were trans-
fected using lipofectamine 3000 (ThermoScientific). Cultures
were grown for 120 h and supernatants were analyzed for
recombinant protein production via dot blot. Positive express-
ing cultures were harvested and analyzed for integrity of
recombinant protein size and homogeneity via Western blots.
Blots analyzing antibody constructs were probed with anti-

Fc-HRP (Jackson ImmunoResearch), while blots analyzing
GST-Fc fusions were probed with anti-FlagTag-HRP antibody
(Genscript).

4.9 sICAM-1 Antibodies and Antibody Fragment
Binding Assays

Ninety-six-well microplates were coated with 2.5 µg/mL of
antibodies and fragments in triplicate in 50 mM carbonate,
pH 9.0. Wells were then blocked with PBS plus 1% BSA and
probed with 500 ng/mL of biotinylated sICAM-1 (b-sICAM-
1) in PBS plus 1% BSA. Plates were washed with PBS plus
0.5% tween 20 (PBS-T) and secondarily probed with 300 ng/mL
streptavidin-HRP. Finally, wells were washed with PBS-T fol-
lowed by the addition of TMB colorimetric substrate, stopped,
and quantified as above. All data points are mean ± SD of
triplicate values. Significance was determined using the student’s
t-test.

4.10 Coimmunoprecipitation of sICAM-1 with
WT andMutant Rituximab

Phosphate buffer (PB)-washed protein A agarose beads were
aliquoted into 1.5 mL tubes with 2 µg of antibodies in 500 µL
PB plus 2.5 µg ICAM-1-His or mesothelin-His (MLSN-His) used
as negative control and rotated overnight at 4◦C. Beads were
pelleted, aspirated and washed twice with PB, then resuspended
in Laemmli loading buffer with 2-mercaptoethanol and heated
for 5 min at 95◦C. Samples were electrophoresed on duplicate 4–
12% bis-tris acrylamide gels and transferred to PVDF. Blots were
blocked in 5% milk/PBS-T, then probed with 200 ng/mL of anti-
His-HRP or anti-Fc-HRP (Genscript). Blots were washed with
PBS-T and bands were visualized with SuperSignal West Femto
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reagent (ThermoScientific) using an iBright Imaging System
(InVitrogen).

4.11 sICAM-1 GST-Fc Fusion and Fc Mutant
Full-Length Antibody Competition Assays

Ninety-six-well microplates were coated with 2.5 µg/mL RTX in
50 mM carbonate, pH 9.0. Wells were blocked with PBS plus
1% BSA at room temperature then probed with 5 µg/mL of
each fragment and 500 ng/mL biotinylated-sICAM-1 (b-sICAM-
1). This concentration of b-sICAM-1 was chosen because it was
20-fold greater than the lowest detectable level of b-sICAM-1 by
ELISA (23 ng/mL). Plates were then washed, secondarily probed
with 300 ng/mL streptavidin-HRP, and quantified as described
above. Percent inhibition was calculated as 1- [(competitor + b-
sICAM-1)/ (no competitor + b-sICAM-1)] × 100%. Significance
was determined using the student’s t-test.

4.12 RTX, RTX-FARV, TSTZ, and TSTZ-FARV
ADCC Reporter Assays

To test the effects of CH3 amino acid changes on RTX ADCC,
Daudi cells were resuspended at 9.09 × 105 cells/mL in ADCC
assay buffer with 4 × 106 cells/mL of Jurkat-CD16a reporter cells.
Daudi/Jurkat-CD16a cells (1 × 105 total cells) were seeded in
opaque 96-well microplates in triplicate. To test the effects of CH3
amino acid changes on TSTZ ADCC, opaque 96-well microwell
plates were seeded with 5.0 × 104 cells/mL in triplicate and
grown overnight at 37◦C in 5% CO2. The next day, wells were
washed and 1 × 105 cells/mL of Jurkat-CD16a cells in ADCC assay
buffer was added. Antibodies were added at a final concentration
of 100 ng/mL with or without 5 µg/mL sICAM-1. Plates were
incubated at 37◦C in 5% CO2 for 6.5 h and quantified for Jurkat-
CD16a activation via Bio-Glo luciferase substrate (Promega) on a
Varioskan plate reader. Percent inhibition of ADCC activation by
sICAM-1 was calculated by (1-lumens+sICAM-1/lumens-sICAM-
1) × 100%. All data points are mean ± SD of triplicate values.
Significance was determined using the student’s t-test.

4.13 Generation of Saporin Antibody–Drug
Conjugates and Target Cell Killing Assays

Saporin ADCs were generated using the ZAP-Biotin Z sys-
tem (Advanced Targeting Systems). First, TSTZ, PTZ, RTX,
TSTZ-FARV, and RTX-FARV antibodies were biotinylated as
described above. Equimolar amounts of biotinylated antibod-
ies and streptavidin-linked-saporin (ZAP reagent) were then
added and incubated at room temperature for 30 min to create
antibody-ZAP ADCs. ZAP ADCs were then used directly in
target cell-killing assays. To test for antibody-ZAP killing of
target cells, HCT-116 wild type (WT), HCT-116-shRNA ICAM-
1 knockdown (KD) clones, HCT-116-shRNA scrambled (SCRM)
and/or OVCAR-CD20 cells were plated at 3,000 cells/well in clear
96-well microplates and grown overnight at 37◦C in 5% CO2. The
next day, various amounts of ADCs (ranging from 100 nM to 1
fM) and controls were added to cells in triplicates, and plates
were incubated for 96 h at 37◦C in 5% CO2. Wells were then
washed in Ca++ and Mg++-free PBS, and quantified via crystal

violet staining as previously described [9]. Crystal violet-stained
wells were solubilized with 1% SDS and quantified on a Varioskan
plate reader at 570 nm. Percent cytotoxicity was calculated as (1-
untreated cells/treated cells × 100%). All data points are mean
± SD of triplicate values. Significance was determined using the
student’s t-test.

4.14 Antibody Internalization Assays

The pHrodoTM Red Avidin internalization assay (Invitrogen) was
employed to monitor the cellular internalization of antibodies
over a time course. Biotinylated RTX, RTX-FARV, TSTZ, TSTZ-
FARV, and human IgM antibodies were used to generate pHrodo-
labelled probes following the manufacturer’s protocol. Briefly,
equimolar amounts of biotinylated antibody and pHrodo red
reagents were added in RPMI plus 1% BSA for 1 h on ice. After
incubation, mixtures were centrifuged for 5 min at 12,000×g to
remove aggregates and supernatants collected.

To prepare cells for pHrodo internalization analysis, opaque 96-
well microplates were seeded with 1 × 105 OVCAR-CD20 cells
to test RTX internalization or HCT116 cells to test for TSTZ
internalization and grown overnight at 37◦C in 5% CO2 to allow
cells to adhere to the well surface. The next day, plates were
incubated on ice for 1 h, washed with ice-cold Ca++ and Mg++
-free PBS, and incubated with 10 µg/mL of each pHrodo-antibody
suspended in ice-cold RPMI plus 1% BSA in triplicates. Plates
were read for internalization by measuring pHrodo-pH sensitive
dye fluorescence at 566/590 nM excitation/emission at various
timepoints ranging from 1 min to 24 h of incubation at 37◦C in 5%
CO2 using a Varioskan plate reader. Percent internalization was
calculated by relative fluorescence unit (RFU) at each timepoint
(TX)/fluorescence at T0. All data points are mean ± SD of
triplicate values. Significance was determined using the student’s
t-test.
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