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Summary
Background Human restricted genes contribute to human specific traits in the immune system. CHRFAM7A, a
uniquely human fusion gene, is a negative regulator of the α7 nicotinic acetylcholine receptor (α7 nAChR), the
highest Ca2+ conductor of the ACh receptors implicated in innate immunity. Understanding the mechanism of how
CHRFAM7A affects the immune system remains unexplored.

Methods Two model systems are used, human induced pluripotent stem cells (iPSC) and human primary monocytes,
to characterize α7 nAChR function, Ca2+ dynamics and decoders to elucidate the pathway from receptor to
phenotype.

Findings CHRFAM7A/α7 nAChR is identified as a hypomorphic receptor with mitigated Ca2+ influx and prolonged
channel closed state. This shifts the Ca2+ reservoir from the extracellular space to the endoplasmic reticulum (ER)
leading to Ca2+ dynamic changes. Ca2+ decoder small GTPase Rac1 is then activated, reorganizing the actin cyto-
skeleton. Observed actin mediated phenotypes include cellular adhesion, motility, phagocytosis and tissue
mechanosensation.

Interpretation CHRFAM7A introduces an additional, human specific, layer to Ca2+ regulation leading to an innate
immune gain of function. Through the actin cytoskeleton it drives adaptation to the mechanical properties of the
tissue environment leading to an ability to invade previously immune restricted niches. Human genetic diversity
predicts profound translational significance as its understanding builds the foundation for successful treatments for
infectious diseases, sepsis, and cancer metastasis.
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Introduction
Considerable attention has been focused on the identifi-
cation of duplicate genes that have emerged since the
human-chimpanzee divergence, due to their potential to
contribute to human-specific traits.1 CHRFAM7A, a uni-
quely human fusion gene betweenCHRNA7 and FAM7A/
ULK4, is a negative regulator of the α7 nAChR function.2

α7 nAChR is highly expressed in the central and
peripheral nervous system and in non-neuronal
tissue.3–6 In the immune system, it is detected in most
cell types including innate and adaptive immunity.7 α7
nAChR has been implicated in innate immunity and as
*Corresponding author.
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part of the cholinergic anti-inflammatory response.8,9

CHRFAM7A is abundantly expressed in the mono-
cyte/macrophage lineage10–13 and its role in the immune
system is being investigated.14,15 Overexpression of
CHRFAM7A in murine macrophages resulted in
decreased anti-inflammatory effect of α7 nAChRs and
the receptor was retained in the ER.16

CHRFAM7A has two alleles, direct and inverted.2,14,17

Genotypes are defined by a combination of copy num-
ber (0–4) and orientation of the gene.14,17 25% of the
human population is homozygous for the direct, 25% is
homozygous for the inverted and 50% is heterozygous
1
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Research in context

Evidence before this study
Human restricted genes that emerged after the human-
chimpanzee divergence contribute to human specific traits,
affecting fundamental processes in the brain, immune
system, and metabolism. CHRFAM7A, a fusion gene between
CHRNA7 and ULK4, is incorporated into the α7 nAChR
pentamer leading to a hypomorphic inotropic receptor. How
this affects immune phenotypes had limited understanding
and mechanistic insights were lacking.

Added value of this study
We demonstrate an innate immune gain of function that is
specific to humans. The receptor to phenotype pathway is
uncovered, indicating a hypomorphic receptor that changes
Ca2+ signalling, the most ancient and central system in signal
transduction affecting cell biology. We identify Rac1 as the
Ca2+ decoder for actin cytoskeleton reorganization leading to

more efficient monocytes that can invade previously immune
restricted niches.

Implications of all the available evidence
Fundamental differences between human and rodent
immunology lead to a translational gap when developing
treatments for infectious and autoimmune diseases and
metastatic cancer. Our work highlights one of these
differences inferred by a human restricted gene and elucidates
the pathway to identify druggable targets. Importantly, the
divergence introduced by CHRFAM7A is not only human
specific, but it also splits the human population 75%–25% for
translated, direct allele CHRFAM7A carriers. Genetic
heterogeneity represented by CHRFAM7A alleles needs to be
considered for successful drug development relevant to the
pathway.
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carrying both direct and inverted alleles.17 While
CHRFAM7A is absent in 0.7% of the human popula-
tion, these individuals are phenotypically normal.17 The
direct allele is translated, which leads to hypomorphic
(decreased function) α7/CHRFAM7A nAChR.12,13,17–21

On the other hand, the inverted allele is predicted to
be non-translated and does not appear to influence α7
nAChR ionotropic function.2,17

CHRFAM7A can substitute 1–3 subunits in the α7
nAChR homopentamer forming the α7/CHRFAM7A
nAChR, which is then transported to the plasma
membrane (PM).21,22 As an ionotropic receptor, α7/
CHRFAM7A nAChR is hypomorphic, with decreased
PM channel open probability.20,21,23,24 α7 nAChR is
implicated in Ca2+ signalling by contributing to the
balance between calcium-induced calcium release
(CICR) through its high Ca2+ conductance from the
extracellular space (ionotropic α7 nAChR function) and
inositol 1,4,5-trisphosphate IP3-induced calcium release
(IICR) from the endoplasmic reticulum (ER) (metabo-
tropic α7 nAChR function).25–27 Overexpression of
CHRFAM7A in human neuroblastoma SH-SY5Y cell
line negatively regulates α7 nAChR, including intracel-
lular Ca2+ concentration and neurotransmitter release.28

Just recently we have demonstrated that CHRFAM7A
modulates intracellular Ca2+ dynamics in neuronal cells
as it shifts time spent in CICR to IICR.29

To decipher the specific mechanism of CHRFAM7A
effect on α7 nAChR function in the innate immune
system, we use a human isogenic iPSC model17 and
primary human monocytes (30 donors).

Methods
Ethics
The Institutional Review Board of the University at
Buffalo, State University of New York approved the
study. The informed consents were obtained from the
donors.

Human primary monocytes
Source of primary human monocytes
Healthy volunteers meeting inclusion and exclusion
criteria signed the informed consent. Inclusion criteria
include healthy adult males and females between the
ages of 20–55. Exclusion criteria include chronic, auto-
immune or systemic inflammatory disease (rheumatoid
arthritis, systemic lupus, myositis, inflammatory bowel
disease, type 1 diabetes, autoimmune thyroiditis), use of
NSAID within 48 h of blood draw, immunosuppressant
medication use, any concurrent immune based thera-
pies, fever within 36 h of blood draw, steroid use for any
reason, anticoagulation or antiplatelet therapy, history of
bleeding disorder, history of immune deficiency, preg-
nancy or treatment for cancer, blood donation within the
6 weeks prior to blood draw and use of illegal recrea-
tional drugs. Each donor provided up to 60 ml blood
which was processed immediately for PBMC isolation.
Yield of PBMC was quantified by cell counting and
viability recorded. Sample was further processed for
monocyte isolation if the viable PBMC was at least
500,000. Due to high human variance of monocyte per-
centage in humans, the number of monocytes ranged
from 20,000 to 1,750,000. The available amount was
prioritized in the following order: DNA isolation/geno-
typing, RNA isolation/qPCR, ICC and morphological
analysis, Ca2+ imaging, migration and invasion assay.

Isolation of primary human monocytes
Peripheral blood was obtained from healthy adults with
informed consent, and peripheral blood mononuclear
cells were isolated by density gradient centrifugation
using SepMate™ PBMC Isolation Tubes (Stem Cell
www.thelancet.com Vol 103 May, 2024
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Technologies, Vancouver, Canada) and LymphoPrep
(1.077 g ml−1; Stem Cell Technologies, Vancouver,
Canada) according to the manufacturer’s instructions.
Human primary monocytes were further isolated from
the peripheral blood mononuclear cells using the
Dynabeads® Untouched™ human Monocytes kit from
Invitrogen (Carlsbad, CA, USA) according to the man-
ufacturer’s protocol.

Isogenic cell lines generation and culturing
UB068 (null) iPSC generated from human skin fibro-
blasts by episomal transformation were described pre-
viously.17,18 UB068 was genome edited using TALENs to
create isogenic, UB068_CHRFAM7A (direct) and
UB068_CHRFAM7AΔ2bp (inverted) iPSC lines.17 All
iPSC lines were characterized for the expression of the
pluripotency markers and the markers of the three
germ-layer differentiation (Scorecard™ (Thermo Fisher)
and ICC). For the isogenic lines, individual colonies
were picked, PCR screened for the insertion, and
passaged. Breakpoint specific TaqMan assay and RT-
qPCR were used to quantify copy number and expres-
sion level of the inserted gene. Whole genome
sequencing confirmed transgene insertion and excluded
off target mutations.

iPSCs were grown on irradiated mouse embryonic
fibroblasts in DMEM/F12-Glutamax medium supple-
mented with 10% KnockOut Serum Replacement, 1%
Non-essential Amino Acids (NEAA), and 0.1% 2-
Mercaptoethanol (all Thermo Fisher). Cells were main-
tained at 37 ◦C/5% CO2 and subcultured every 4–6 days
using Dispase (Thermo Fisher).

Monocyte differentiation
Monocytes/macrophages were differentiated according
to a well-established protocol.30 Briefly, monocytes dif-
ferentiation started with the iPSC detachment (at least
two confluent 6-well plates) and embryoid body (EB)
formation (Supplementary Figure S1). At day 4, the EBs
were plated in X-Vivo 15 ™ medium (Lonza) supple-
mented with IL-3 (25 ng/ml) and MCSF (50 ng/ml).
Starting from day 15, the generated monocytes were
harvested twice a week from the supernatant and filtered
through a 70 μm mesh nylon strainer (Falcon). For
further monocytes/macrophages maturation, the cells
were attached and cultured in X-Vivo 15 ™ medium
(Lonza) supplemented with MCSF (100 ng/ml).

Whole cell patch clamp
Whole-cell currents were recorded using an IonFlux 16
automated patchclamp system (Fluxion Biosciences,
Alameda, CA) on 96-well IonFlux microfluidic ensemble
plates that give a cumulative whole-cell current from up
to 20 cells. Differentiated monocytes were resuspended
in extracellular solution containing (in mM) 138 NaCl, 4
KCl, 1.8 CaCl2, 1 MgCl2, 5.6 glucose, and 10 HEPES,
pH adjusted to 7.4 with NaOH. Cells were captured in
www.thelancet.com Vol 103 May, 2024
the trapping wells with intracellular solution containing
(in mM) 60 KCl, 70 KF, 15 NaCl, 5 HEPES, and 5 EGTA,
pH adjusted to 7.2 using KOH. Cells clamped at −80
mV were exposed to a 2s application of ACh (30 μM) or
ACh + PNU-120596 (positive allosteric modulator of α7-
nAChR) at varying concentrations, followed by 90s wash
between applications to allow recovery from desensiti-
zation. IonFlux software (ver.4.5) was used for cell
capture, seal formation, compound application, and data
acquisition. Data collected using sampling frequency of
10 kHz was analysed using IonFlux Data Analyzer v5.0.
Peak currents were plotted as a function of concentra-
tion and fit with a sigmoidal dose–response curve with
variable slope using GraphPad Prism 5 (GraphPad
Software, Inc., SanDiego, CA).

Ca2+ imaging
50,000 monocytes were plated on 24-well plates in either
X-Vivo 15 ™ medium (Lonza) (iPSC-derived mono-
cytes) or in 10% FBS RPMI medium (isolated from
human donors) supplemented with MCSF (100 ng/ml).
72 h after plating, the cells were loaded with 1 μg/ml
Fluo-8 AM (AAT Bioquest, Sunnyvale, CA, USA) in
recording medium (20 mm HEPES, 115 mm NaCl,
5.4 mm KCl, 0.8 mm MgCl2, 1.8 mm CaCl2 and
13.8 mm glucose-Dojindo) containing 0.02% Cremo-
phor EL (Dojindo) and incubated for 20 min at 37 ◦C
and 5% CO2. Cells are loaded with fluo-4 fluorescent
calcium ion indicator (Sigma, St. Louis MO) according
to the manufacturer’s protocol and imaged on an
inverted fluorescence microscope (Leica DMi8, Leica,
Buffalo Grove IL) using a cooled CCD camera (SPOT RT
Slider, Diagnostic Instruments, Sterling Heights, MI).
The indicator fluorescence is acquired as a time-lapse
sequence before and after stimulation. Photobleaching,
while qualitatively minimal, is normalized out for the
purpose of quantitative measurements, based on a par-
allel control experiment with the same fluorescence
excitation and imaging parameters.

Ca2+ signal extraction
Calcium data were analysed in MATLAB software
(Mathsoft, Natick, MA). Fluorescence time courses
corresponding to individual active regions (cells) were
extracted from image series (videos), using MIN1PIPE
package.31 MIN1PIPE is a computer vision algorithm for
calcium indicator fluorescence signal extraction from
video recordings of cells. The package code was adapted
to handle the data format in our videos.

Ca2+ kinetics
Kinetic parameters of the cell calcium system that are
most likely given the fluorescence time courses were
inferred using CaBBI module32 or VBA package.33 VBA
is a machine learning algorithm for biological time se-
ries data. CaBBI is an algorithm for Bayesian inference
of cellular kinetic parameters from fluorescent
3
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intracellular calcium indicator time series. The calcium
dynamics representation in CaBBI was modified to
include the Li-Rinzel kinetic model of endoplasmic
reticulum-mediated autonomous calcium spikes34,35 and
the kinetic model of α7 nicotinic receptor.36 The kinetic
model consists of the classic Li-Rinzel model34 capable
of reproducing calcium oscillations with an addition of
the kinetics of PM channel and pump currents.36 Model
parameters include:1) ER pump Vmax, measuring
evacuation of calcium into the ER by SERCA; 2) InsPR
k, measuring IP3-induced efflux from the ER; 3) ER leak
k, measuring background efflux from the ER; 4) IP3 t,
the lifetime of IP3; 5) IP3 (production) Vmax,
measuring activity of phospholipase C; 6) PM influx,
measuring the (constant) calcium current across the PM
into the cytosol (which with respect to this dataset rep-
resents the ligand-independent current); 7); PM pump
Vmax, measuring evacuation of calcium into the extra-
cellular space by PMCA. Overall, the functionality of our
computational pipeline is similar to that in a recent
Bayesian analysis of calcium dynamics in a mammary
epithelial cell line.37

Ca2+ cytoplasmic area quantification
Single cell Ca2+ area measurements were extracted from
Ca2+ time lapse recordings. Ca2+ recordings were
exported to FIJI ImageJ as a single cell image and
multiple time-series images corresponding to pre-
treatment and post-treatment recordings. Ca2+ areas
for each cell were quantified before drug treatment and
after drug treatment. The pre-treatment and post-
treatment area measurements were then compared us-
ing a dependent two-tailed t-test.

First, the cell image was binarized. Watershed was
used to segment overlapping cells. Then the analyse par-
ticles plugin was used to outline the binary image. These
outlines were recorded as regions of interests (ROIs) for
the next step of the analysis. Second, time series images
were background subtracted using the first frame of each
time series. The resulting time series depicted changes in
intracellular calcium. Z project was then used to collapse
the time series into a single image containing the average
intensity of the intracellular calcium activity. This average
intensity image was then binarized with an intensity
threshold of 10. Next, ROIs from the cell image were
overlayed onto the binarized average intensity Ca2+ image.
Finally, the ROIs were measured, and the resulting area
measurements were recorded for before treatment and
post treatment conditions.

Directionality analysis
Fluorescence time courses corresponding to individual
active regions (cells) were extracted from image series
(videos). Randomly selected 50 cells (Regions of interest;
ROI) were processed through ImageJ directionality
analysis resulting in directionality and dispersion
(Fourier components) dataset obtained from 60 images
times 50 cells (3000 images) in each cell line. Distri-
bution of dispersion was compared by Kolmogorov–
Smirnov (KS) statistics and distributions were plotted
in R. Single cell directionality analysis is depicted as
montage of the Fourier directionality video.

Primary monocytes from human donors were iso-
lated and Ca imaged as described above. 600 images per
donor was analysed for dispersion (Fourier compo-
nents). Comparison of distribution between genotype
groups was performed by KS statistics and distributions
were plotted in R. Single cell directionality analysis by
Local Gradient Orientation (LGO) is depicted at single
cell level. Single cell directionality histograms are
generated by Fourier component directionality.

Flow cytometry
Approximately 0.5 × 106 cells were blocked with True-
Stain monocyte blocker (Biolegend) in 0.1 ml FACS
buffer for 5 min on ice. Fluorescently labelled anti-
bodies (Supplementary Table S5) were directly added
and allowed to stain on ice for an additional 30 min.
Cells were washed with 1 ml FACS buffer, resuspended
in 0.5 ml FACS buffer and analysed on a BD LSR-
Fortessa flow cytometer. Fluorescence minus one
(FMO) controls were stained in parallel to establish
proper gating. Data were analysed using FlowJo soft-
ware (https://www.flowjo.com/).

qPCR
Total RNA was isolated using Trizol (Invitrogen) ac-
cording to manufacturer’s protocol. cDNA was synthe-
sized from 500 ng RNA using iScript™ cDNA Synthesis
Kit (Bio-Rad). Quantitative gene expression was detected
by standard RT-qPCR using specific primers listed in
Supplementary Table S4 with either SYBR green master
mix (Biotool) or TaqMan (Thermo Fisher) run on Bio-
Rad CFX Connect cycler (Bio-Rad). Relative gene
expression was quantified by ΔΔCT method normalized
to GAPDH expression assayed with 3 technical repli-
cates. Data are presented as the average of the
triplicates ± standard error of the mean.

ICC
Monocytes plated on glass coverslips or 8-well glass
chambers (Thermo Fisher) were fixed with 4% para-
formaldehyde (Mallinckrodt Baker) for 15 min, per-
meabilized with 0.1% Triton ×100 (Mallinckrodt Baker)
for 10 min and blocked with blocking buffer (5% BSA in
PBS) for 1 h at room temperature (RT). Cells were
incubated overnight at 4 ◦C with primary antibodies
listed in Supplementary Table S5 and for 1 h at RT with
secondary antibodies. Both primary and secondary an-
tibodies were diluted in blocking buffer. Slides/cover-
slips were incubated with NucBlue (DAPI) for 5 min at
RT and mounted with a ProLong® Gold Antifade re-
agent (Life Technologies). Confocal images were
captured by using Leica TCS SP8 confocal microscope
www.thelancet.com Vol 103 May, 2024
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system (63× and/or 20× objective). Images were ac-
quired using Leica Application Suite (LAS X) software.

ELISA
Following isogenic macrophages treatment with LPS,
media were collected and stored at −80 ◦C. The con-
centration of IL-6 in the cell culture media was quanti-
fied using IL-6 ELISA kit (R&D Systems) according to
the manufacturer’s protocol.

Hydrogels
Fibronectin-coated polyacrylamide hydrogels were pre-
pared as previously described.38 The acrylamide con-
centration remained constant at 7.5% while the
bisacrylamide concentration were 0.03% (2–4 kPa) and
0.06% (4–8 kPa) for soft hydrogels, 0.15% (10–12 kPa)
and 0.3% (22–24 kPa) for intermediate stiffness hydro-
gels and 0.6% (over 30 kPa) for stiff hydrogels.

Morphological analysis with ImageJ
Morphological analysis in FIJI was conducted using
built-in segmentation features. Images obtained of
iPSC-derived monocytes on 0.03–0.6 stiffness hydrogels
were captured using EVOS FL fluorescent microscope
(20× objective). Fluorescent images were split into RGB
channels whereby green channel (cell body) images
were converted into binary format and fine-tuned to
avoid segmentation of overlapping cells and incomplete
images. FIJI generated cell outlines were used to verify
monocyte count and segmentation. Values of circularity
(4π*area/perimeter̂2), solidity (area/convex area), and
perimeter were used to identify differences in cell
morphology. Subsequent statistical analysis was con-
ducted in R-Studio.

G-LISA
Activity of small GTPases (CDC42, Rac1, and RhoA) in
the monocytes derived from the null, direct, and inver-
ted iPSC lines was measured by G-LISA Activation
Assay (Cytoskeleton Inc.) according to the manufac-
turer’s protocol. The monocytes derived from the three
lines were starved overnight, collected by centrifugation
(300 x g, 4 min, RT), plated on 0.15% hydrogels and
incubated at 37 ◦C for 30 min (with or without phar-
macological treatment). Afterwards, the cells were lysed
with an appropriate lysis buffer and centrifugated
(10,000 x g, 1min, 4 ◦C). Supernatants were immedi-
ately frozen and kept at −80 ◦C till the G-LISA Activity
Assay. Protein concentration was measured by Precision
Red™ Advanced Protein Assay (Cytoskeleton Inc.).

Pharmacological modulation of small GTPases
Activity of small GTPases were modulated by the spe-
cific inhibitors: ML 141 (CDC42), EHT 1864 (Rac1), and
Rhosin (RhoA). Monocytes (5 × 105–1 × 106 cells)
derived from the three lines were resuspended in the
plain X-Vivo 15™ medium (Lonza) containing 10 μM of
www.thelancet.com Vol 103 May, 2024
a specific GTPase inhibitor, plated on 0.15% hydrogels
and incubated at 37 ◦C for 30 min. The cells were
collected as described above and subjected to the specific
G-LISA Activation Assay.

Atomic force microscopy
Atomic force microscopy (AFM) was used to measure
intracellular stiffness.39 iPSC-derived monocytes (null,
direct, and inverted) were plated on low (0.03), inter-
mediate (0.15), and stiff (0.6) polyacrylamide hydrogels
for 1 h and were indented using a silicon nitride
cantilever (Asylum, BL-AC40TS-C2; spring constant,
0.05–0.12 N/m) with a three-sided pyramidal AFM tip
(8 nm in radius). The stiffness of each cell was
measured using AFM in contact mode using an NX12
AFM system (Park Systems) mounted on a Nikon
ECLIPSE Ti2 inverted microscope. To analyse the stiff-
ness, the first 400 nm of horizontal tip deflection was
fitted with the Hertz model for a three-sided pyramid
and a 35◦ face angle to determine intracellular stiffness.
For each experimental condition, 3 force curves per cell
were acquired for a total of 10 cells. AFM experiments
were independently repeated three times (obtaining a
total of 90 force curves for each cell type per experi-
mental condition). Using AFM analysis software XEI
(Park Systems), the force curves were quantified and
converted to Young’s modulus (stiffness).

Migration and invasion assay
Migration and invasion properties of the iPSC-derived
and PBMC-derived monocytes were assessed using
CHEMICON® QCM™ 24-well Migration Assay Kit
(MilliporeSigma) according to the manufacturer’s in-
structions. 200,000 cells were plated in the upper
chamber of the insert with an 8 μm pore size and
allowed to migrate for 16 h. CXCL12 (100 ng/ml) was
used as a chemoattractant. Migration was detected
colorimetrically. To assess invasive characteristics of the
monocytes, the inserts were coated for 1 h with Matrigel
(Corning) prior to the assay.

Adhesion assay
Adhesive properties of the UB068 and UB068_CHR-
FAM7A derived monocytes were quantified according
to.40 Briefly, 96-well plates were coated for 1 h, 37 ◦C
with 10 μg/ml of either truncated laminin (Takara Bio)
or Geltrex (Thermo Fisher) and blocked for 1 h, RT with
0.5% BSA/PBS. Afterwards, 20,000 monocytes/well (in
quadruplicates) were seeded and incubated for 30 min
at 37 ◦C, then fixed with 4% PFA/PBS and stained with
Crystal Violet. Adhesion was quantified colorimetrically
as absorption at 550 nm.

Phagocytosis
In vivo phagocytosis in iPSC-derived macrophages
grown on glass coverslips was detected using 1 μm
polystyrene yellow-green FluoSpheres (Themo Fisher)
5
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as described in.41 A total of 5 μL of FluoSpheres was
directly added to macrophage maturation media (107

beads/mL/105 cells) and incubated for four different
time intervals (0.5 h, 1 h, 2 h, and 4 h). After incubation,
the cells were washed twice with PBS, fixed with 4%
PFA/PBS and imaged using EVOS FL fluorescent mi-
croscope (40× objective). 10–15 images/time point/cell
line were taken and analysed by two raters in three in-
dependent experiments.

Gelatine degradation
Gelatine degradation assay was performed according
to.42 Briefly, 12 mm glass coverslips were coated with
Oregon Green-488 gelatine (0.2% w/v in PBS) as
described.42 25,000 iPSC-derived monocytes were
collected by centrifugation at 300 x g, 4 min, RT and
plated on the gelatine coated coverslips for 3 h, 16 h, or
48 h. Afterwards, the coverslips were fixed with 4% PFA
and the cells were stained with 555-Actin (Thermo
Fisher). Nuclei were counterstained with NucBlue
(Thermo Fisher). The images were taken on EVOS-FL
fluorescent microscope (Thermo Fisher) using 20×
and 40× objectives.

Statistical analysis
Experiments in the iPSC model system were performed
in duplicates or triplicates. Values are expressed as
mean ± SD or ±95%CI as indicated in the figure legends.
In box plots, outlying points are plotted when values that
are further the distance of 1.5*IQR starting from upper/
lower hinge (<Q1—1.5*IQR or > Q3 + 1.5*IQR). Statis-
tical comparisons with regards to continuous variables
were applied using the independent two-tailed t-test (for
comparisons between two groups), Mann–Whitney U
Test (for nonparametric comparisons between two
groups), Wilcoxon signed-rank test (for paired samples),
and two-way ANOVA (for comparisons among three or
more groups). Diagnostic plots were used to assess
model assumptions associated with testing procedures.
Comparisons between cumulative density functions were
applied by the nonparametric two-sample Kolmogorov–
Smirnov test. To control for Type I error rates due to
multiple testing, Bonferroni correction was implemented
in our comparisons. All statistical analyses were per-
formed using R software package (version 4.1.2) and
GraphPad Prism (version 10.1.0).

Role of funders
Funders did not have any role in study design, data
collection, data analyses, interpretation, or writing of
report.
Results
Isogenic iPSC model of CHRFAM7A alleles
Isogenic CHRFAM7A iPSC model was described pre-
viously.17 iPSC were differentiated into monocytes using
an established protocol (Supplementary Fig. S1a).30

Monocytes were characterized by flow cytometry for
negative (CD3, CD19, CD66, CD56) and positive (CD14,
CD16, MHCII, CD86) markers (Supplementary
Fig. S1b), Giemsa stain and CD68 immunocytochem-
istry (ICC) (Supplementary Fig. S1c). Cytokine expres-
sion and release (Supplementary Fig. S1d and e)
confirmed functional monocytes.

Primary human monocytes genotyped for
CHRFAM7A alleles
Monocytes were isolated from 30 healthy human donors
(Supplementary Table S1) between the ages of 18–55
after IRB approval and informed consent.43 Donors were
genotyped for copy number and orientation of
CHRFAM7A alleles.17 Genotype distribution in the
cohort is 20% homozygous direct, 33% homozygous
inverted and 47% heterozygous. Due to variability of
monocyte proportion in human white blood cells
(1–22%) and the number of cells needed for each assay,
we established a stepwise protocol of primary monocyte
utilization. ICC with phalloidin and morphological
analysis was performed on all donors (6 Direct (D), 10
Inverted (I), 14 Heterozygous (HZ)). Ca2+ imaging was
executed on 16 samples (3D, 5I, 8HZ), migration and/or
invasion assay on 14 samples (3D, 4I, 7HZ).

CHRFAM7A modifies the α7 nAChR into a
hypomorphic ionotropic receptor in isogenic iPSC
derived monocytes
In humans, CHRFAM7A incorporates into the α7
nAChR.22 We and others have demonstrated that the
presence of CHRFAM7A leads to a hypomorphic
plasma membrane receptor,17,18 with decreased α-bun-
garotoxin (BGT) and amyloid beta binding.44,45 In
contrast, α7 nAChR function is not affected by the
presence of the inverted allele in the neuronal lineage.17

The data about ionotropic properties of α7 nAChR in
human immune cells is inconsistent and requires
further investigation. While originally α7 nAChR
macroscopic currents were not detected in non-excitable
cells,11,46 recent reports utilizing whole cell patch clamp
with α7 nAChR selective agonists and allosteric modu-
lators clearly demonstrated the presence of functionally
active α7 nAChR in human PBMC-derived macro-
phages47 and THP-1 macrophages.48

We performed electrophysiological studies using
whole cell patch-clamp on iPSC derived monocytes in
the presence of PNU 120596 (positive allosteric modu-
lator of α7 nAChR) and demonstrated functional α7
nAChR. In all iPSC derived monocytes, UB068 (null),
UB068_CHRFAM7A (direct) and UB068_CHRFA-
M7AΔ2bp (inverted), PNU 120596 and ACh responsive
channel opening was detected. Null and inverted
monocytes had similar currents (p-value for 1 and
10 mM PNU were 0.079 and 0.036, respectively, two-
way ANOVA) while direct monocytes demonstrated
www.thelancet.com Vol 103 May, 2024
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lower action potential indicating a hypomorphic recep-
tor (p-value for 1 and 10 mM PNU were 0.0002 and
0.019, respectively, two-way ANOVA) (Fig. 1a and b). As
α7 nAChR is the highest Ca2+ conductor among the
nAChR,25 we decided to methodologically move down-
stream, inside the cell, and measure intracellular Ca2+

dynamics in the context of CHRFAM7A alleles.

CHRFAM7A effect on Ca2+ dynamics in isogenic iPSC
derived monocytes
Fluo-4 fluorescent Ca2+ imaging traces of individual
cells were extracted and quantified utilizing an image
analysis algorithm previously developed for neurons
(MIN1PIPE)31 (Fig. 1c and d). We detected spontaneous
Ca2+ oscillations that demonstrated CHRFAM7A geno-
type specific distinct peak characteristics (Fig. 1d and e).
Ca2+ dynamic curves in direct monocytes exhibited
Fig. 1: Electrophysiology and Ca2+ dynamics in UB068 (null), UB068_
derived isogenic monocytes. a. Whole-cell recordings on automated
monocytes. Application of ACh (60 mM) and co-application of PNU12059
PNU120596 and ACh response fold change in iPSC derived isogenic mono
Line and [PNU]) and Bonferroni correction for multiple testing). c. Repres
traces of iPSC derived isogenic monocytes. e. Cumulative density curves of
and UB068_CHRFAM7AΔ2bp (blue) monocytes. Operator independent
amplitude, FWHM full width at half maximum amplitude, f frequency). (N
correction for multiple testing). f. Cumulative density plots of CaBBI infe
UB068 (black), UB068_CHRFAM7A (red) and UB068_CHRFAM7AΔ2bp
SERCA, InsPR k, IP3-induced efflux from the ER, ER leak k, background e
activity of phospholipase C, PM influx, (constant) Ca2+ current across the P
extracellular space by PMCA). g. The maximum distance between curves (D
plot (null-CHRFAM7A (orange) and null-CHRFAM7AΔ2bp (blue) comparis
correction for multiple testing). h. Proposed model of CHRFAM7A effect
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markedly lower amplitude compared to null (p < 0.0001,
KS statistics), while in inverted monocytes Ca2+ traces
were similar to null (p = 0.0125 for amplitude,
p = 0.0505 for FWHM; p = 0.976 for frequency, KS
statistics) (Fig. 1e).

CHRFAM7A allele specific modulation of CICR and
IICR
We turned to AI based single cell analysis of genotype
specific Ca2+ dynamics to elucidate the mechanism of
Ca2+ signal regulation in the context of the direct and
inverted CHRFAM7A alleles. Bayesian inference of ki-
netic parameters of the cell Ca2+ system was carried out
by adapting the neuronal Ca2+ signal analysis algorithm
CaBBI.32 The kinetic model consists of the classic Li-
Rinzel model34 capable of reproducing Ca2+ oscilla-
tions with an addition of the kinetics of PM channel and
CHRFAM7A (direct) and UB068_CHRFAM7AΔ2bp (inverted) iPSC
high-throughput patch-clamping system on iPSC derived isogenic
6 with 60 mM ACh with increasing concentration of PNU120596. b.
cytes. Represented as Mean ± 95% CI (N = 5, two-way ANOVA (Cell
entative fluorescent images, ROI and d. Spontaneous Ca2+ oscillation
Ca2+ peak characteristics in UB068 (black), UB068_CHRFAM7A (red)
analysis of single cell Ca2+ tracings was performed in MatLab. (A
= 3, 50–100 peaks per cell line, two-sample KS test and Bonferroni
rred kinetic parameters of the spontaneous Ca2+ dynamic curves in
(blue) monocytes. (ER pump Vmax, Ca2+ reuptake into the ER by
fflux from the ER, IP3 t, the lifetime of IP3, IP3 (production) Vmax,
M into the cytosol and PM pump Vmax, evacuation of Ca2+ into the
) and -log10p of two-sample KS test depicted in the adapted volcano
on). (N = 3, 100 cells per cell line, two-sample KS test and Bonferroni
on Ca2+ dynamics (created with BioRender.com).
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pump currents.36 Model parameters include:1) ER pump
Vmax, measuring evacuation of Ca2+ into the ER by
SERCA; 2) InsPR k, measuring IP3-induced efflux from
the ER; 3) ER leak k, measuring background efflux from
the ER; 4) IP3 t, the lifetime of IP3; 5) IP3 (production)
Vmax, measuring activity of PLC; 6) PM influx,
measuring the (constant) Ca2+ current across the PM
into the cytosol (which with respect to this dataset rep-
resents the ligand-independent current); 7); PM pump
Vmax, measuring evacuation of Ca2+ into the extracel-
lular space by PMCA. CaBBI analysis confirmed that the
direct CHRFAM7A allele (UB068_CHRFAM7A) is
associated with a hypomorphic receptor demonstrating
lower Ca2+ influx rate across the PM (p = 3 × 10−13,
Kolmogorov–Smirnov statistics) compared to null
(UB068) cells17,18,24 leading to decreased CICR activity
(Fig. 1f and g). UB068_CHRFAM7A (direct) cells
demonstrated increased lifetime of IP3 (p = 4.97 × 10−14,
KS statistics) and increased activity of PLC
(p = 3.68 × 10−7, KS statistics) consistent with increased
IICR activity (Fig. 1f and g). These data align with the
notion that the α7/CHRFAM7A nAChR is hypomorphic
for PM channel mediated ionotropic function, shifting
the receptor to the closed state where IICR is active.49

Alternatively, prolonged closed state can be reached by
receptor desensitization. While further work is needed
to fully decipher the mechanism of the shift to the
closed state, this closed state increases time spent in
IICR. Interestingly, UB068_CHRFAM7A (direct)
monocytes exhibited a higher background eflux from
the ER (p = 2.62 × 10−16, KS statistics) suggesting
increased ER leak (Fig. 1f and g). In contrast, CaBBI
analysis of UB068_CHRFAM7AΔ2bp (inverted) mono-
cytes is indistinguishable from the null (UB068)
(Supplementary Table S2) (Fig. 1e and g).

Taken together with the patch clamp data, the effect
of the direct allele on Ca2+ signalling is a distinct, α7
nAChR dependent mechanism that is different from
null.17,18 α7/CHRFAM7A nAChR shifts the reservoir for
cytoplasmic Ca2+ influx from the extracellular space to
the ER leading to cell autonomous Ca2+ oscillations. The
proposed mechanism for the α7/CHRFAM7A nAChR
mediated Ca2+ dynamics is depicted in Fig. 1h.
Conversely, α7 nAChR electrophysiology and Ca2+ dy-
namics analysis of the inverted allele demonstrated that
it is null from the α7 nAChR perspective. We proceeded
to characterize Ca2+ dynamics of the α7/CHRFAM7A
nAChR.

Ca2+ signalling by the α7/CHRFAM7A nAChR
Single cell cytoplasmic total Ca2+ pool was quantified
from the Fluo-4 videos for the spontaneous Ca2+ oscil-
lations and after pharmacological treatments with drugs
affecting the proposed mechanism: α7 nAChR agonist
acetylcholine (ACh), α7 nAChR antagonist α-bungar-
otoxin (BGT), SERCA inhibitor thapsigargin (TG), PLC
inhibitor U73122, and IP3 receptor antagonist
xestospongin (Xesto). Agonist and antagonist response
(Fig. 2a black) increased and decreased the Ca2+ signal,
respectively, as expected in the null line; α7/
CHRFAM7A nAChR demonstrated a mitigated effect
consistent with the hypomorphic receptor and possible
decreased binding Fig. 2a orange).44,45 TG significantly
diminished Ca2+ signal after a brief transient increase
by depleting the ER Ca2+ pool in both lines (p < 0.0001,
Wilcoxon signed-rank). U73122 treatment increased the
Ca2+ signal in null (p = 0.0014, Wilcoxon signed-rank)
and CHRFAM7A (D) cells (p < 0.0001, Wilcoxon
signed-rank), albeit it is higher in CHRFAM7A mono-
cytes. More recent literature suggest that U73122 may
not exert its effect through inhibition of PLCγ, rather it
increases cytoplasmic Ca2+ steady state50–52 and directly
activates PLCβ2. Xesto decreased the Ca2+ signal in null
monocytes as expected. CHRFAM7A monocytes
demonstrated a paradoxical increase in the Ca2+ signal,
which is explained by the complex mechanism of Xesto,
including both blocking IP3 induced ER release and ER
reuptake of cytoplasmic Ca2+.53 The paradoxical increase
of the Ca2+ signal after Xesto treatment in CHRFAM7A
monocytes suggest that the ER leak is facilitated by the
reset of baseline cytoplasmic Ca2+ steady state and
preservation of the ER Ca2+ pool.50–53

Single cell Ca2+ dynamics curves captured by the
Fluo-4 videos demonstrated distinct pharmacological
responses (Fig. 2b and d). α7 nAChR dependence was
confirmed: ACh increased the amplitude in both null
and CHRFAM7A monocytes. BGT decreased the
amplitude in null monocytes as expected, while para-
doxical increase in the amplitude in CHRFAM7A cells
was noted. BGT being not membrane permeable iso-
lates α7 nAChR PM and ER effects on Ca2+ dynamics.
The increased BGT amplitude in CHRFAM7A mono-
cytes is likely related to engaging the PM α7/
CHRFAM7A nAChR in the channel-closed sate facili-
tating IICR. This phenomenon, the paradoxical increase
in amplitude after BGT treatment, was present in
CHRFAM7A carrier primary human monocytes as well,
compared to the noncarriers (Fig. 2c).

Pharmacological modulation of the ER dependent
aspects of the Ca2+ dynamics curve confirmed that
depletion of the ER Ca2+ reservoir by TG decreased the
width of the Ca2+ dynamic curve in both the null and
CHRFAM7A monocytes (Fig. 2d). In contrast, preser-
ving Ca2+ in the ER (U73122 and Xesto) increased
amplitude in CHRFAM7A monocytes (Fig. 2d) impli-
cating an IICR independent ER leak as an important
contributor to the Ca2+ dynamics. Of note, CaBBI
analysis also suggested the presence of IP3 receptor
independent, enhanced ER leak (Fig. 1f and g), which
raises the possibility of partial mislocalization of the α7/
CHRFAM7A nAChR harbouring both wide type and
mutant subunits (Fig. 2b and c). CHRFAM7A harbours
a truncated and modified extracellular domain lacking
two of the three glycosylation sites required for transport
www.thelancet.com Vol 103 May, 2024
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Fig. 2: Characterization of the α7/CHRFAM7A nAChR. a. Pharmacological modulation of the cytoplasmic Ca2+ pool measured by change in
Ca2+ signal before and after treatment with agonist acetylcholine (ACh), antagonist BGT, SERCA inhibitor TG, PLC inhibitor U73122, and IP3
receptor antagonist Xesto. Represented as Mean ± 95% CI (50–100 cells, Wilcoxon signed-rank test and Bonferroni correction for multiple
testing). b. Agonist and antagonist effect on amplitude in UB068 and UB068_CHRFAM7A isogenic monocytes depicted as cumulative density
curves (75–100 cells per cell line, two-sample KS test and Bonferroni correction for multiple testing). c. Maximum distance between curves (D)
and -log10p of two-sample KS test depicted in the adapted volcano plot (null (gray), CHRFAM7A (orange)) of Ca2+ dynamics changes to BGT
treatment in human primary monocytes (1147 noncarrier (black) and 2407 carrier (orange) peaks analysed from 15 donors) (FWHM full width at
half maximum amplitude). d. Effect of ER pool depletion (TG) and PLC inhibitor U73122, and IP3 receptor antagonist Xesto on Ca2+ dynamics
depicted as cumulative density curves. (N = 3, 50–100 peaks per cell line, two-sample KS test and Bonferroni correction for multiple testing). e.
Representative confocal images of UB068 and UB068_CHRFAM7A isogenic macrophages stained with the α7/CHRFAM7A nAChR antibody
(green) and ER marker KDEL (red); colocalization (orange). Scale bar, 10 μm. f. Mander’s coefficient of colocalization (M1) of ER and α7/
CHRFAM7A nAChR signal calculated in ImageJ. Represented as Mean ± SD (N = 3, 25–50 cells, independent two-tailed t-test). g. Representative
single cell directionality montage (3 min sample) of Fourier analysis in UB068 and UB068_CHRFAM7A isogenic monocytes. Null (UB068)
demonstrating multifocal Ca2+ flickers and CHRFAM7A (UB068_CHRFAM7A) showing monofocal, organized, robust Ca2+ signal originating
from the ER. h. Cumulative distribution curves of Fourier dispersion parameter in UB068 (black) and UB068_CHRFAM7A (orange) isogenic
monocytes. (N = 3, 1800 images per cell line, Two-sample KS statistics, Bonferroni corrected p-values. For visualization of the distribution plots
data is truncated at 95th percentile). i. Cumulative distribution curves of Fourier dispersion parameter in noncarrier (black) and carrier (orange)
primary human monocytes from 15 donors (5NC, 10C). (10 random, active cells form each donor representing 600 images, Two-sample KS
statistics, Bonferroni corrected p-values. For visualization of the distribution plots data is truncated at 95th percentile).
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to the plasma membrane.54 ICC using ER marker
(KDEL) and α7/CHRFAM7A nAChR antibody demon-
strated co-occurrence of the signal, suggesting ER
retention of α7/CHRFAM7A nAChR (Fig. 2e and f). The
Manders’ coefficient (M1) was calculated to quantify the
amount of green signal (α7/CHRFAM7A nAChR)
overlapped the red signal (KDEL) using ImageJ (https://
imagej.net/ij).
www.thelancet.com Vol 103 May, 2024
Time-lapse video microscopy demonstrated the dif-
ference in intracellular distribution of the Ca2+ signal.
The null displayed a multidirectional-multifocal flicker
pattern consistent with PM mechanism, while
CHRFAM7A monocytes displayed a unifocal-
unidirectional robust Ca2+ signal originating centrally
consistent with utilization of the ER Ca2+ reservoir
(Fig. 2g). To quantify the observed difference, single cell
9
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directionality analysis was performed to obtain Fourier
dispersion spectra for each cell. Dispersion of Ca2+

signal of 50 cells in each line demonstrated a shift to-
wards less dispersion in CHRFAM7A monocytes
compared to null (p < 0.0001, KS statistics), an indica-
tion of a more localized signal (Fig. 2h). Genotype
grouped cumulative distribution curves of Fourier
dispersion parameter in carrier and noncarrier mono-
cytes from 16 human donors confirmed that Ca2+ signal
is less dispersed in carrier monocytes than in non-
carriers (p = 0.0001, KS statistics) (Fig. 2i).

Preferred membrane structure
iPSC derived monocytes revealed striking morpholog-
ical differences in preferred membrane structure/
shape (Fig. 3a). The null line formed filopodia while
CHRFAM7A monocytes developed lamellipodia
Fig. 3: CHRFAM7A associated cytoskeletal remodelling and preferred m
UB068 and UB068_CHRFAM7A isogenic monocytes plated on polyacryl
lipodia in CHRFAM7A monocytes. Scale bar, 50 μm. b. Operator i
UB068_CHRFAM7A isogenic monocytes. Cumulative density curves dem
CHRFAM7A (orange) monocytes (Two-sample KS statistics, Bonferroni co
images of primary human monocytes from noncarrier and carrier donors.
primary human monocytes (10NC black, 20C orange) demonstrates simila
monocytes have larger perimeter and are less circular compared to nonc
and null comparison after Bonferroni multiple testing correction). e. G-L
RhoA in UB068 (black) and UB068_CHRFAM7A (orange) non-treated
(Independent two-tailed t-test used to compare difference in CDC42, Rac1
(0.15%) compared to floating control monocytes (N = 5)). G-LISA assa
UB068_CHRFAM7A (orange) BGT treated (middle panel), and TG treated (
(Independent two-tailed t-test, change in CDC42, Rac1 and RhoA acti
modulation of preferred membrane structure in UB068 and UB068_CHRF
of UB068 and UB068_CHRFAM7A isogenic monocytes on 0.15% polyacry
preferred membrane structure: inhibition of filopodia (III) and inhibitio
reservoir and reduces amplitude of Ca2+ dynamics, switches filopodia (I)
(Fig. 3a). As membrane specialization is linked to actin
dependent cytoskeletal dynamics,55 we used fluorescent
phalloidin staining and operator independent single
cell analysis to quantify the morphological changes
(using ImageJ/Fiji, Supplementary Fig. S2).56

CHRFAM7A monocytes were less circular and had a
larger perimeter compared to null (Fig. 3b). Primary
human monocytes from 20 donors demonstrated the
same shift in morphology between CHRFAM7A car-
riers and noncarriers as seen in the iPSC derived
monocytes (Fig. 3c and d): carrier (C) monocytes are
less circular and have larger perimeter than noncarrier
(NC) primary monocytes. In the iPSC model the
distinct membrane morphology was accompanied by
activation of small Rho family GTPases in the expected
pattern: CDC42 drives filopodia in null and Rac1 pro-
motes lamellipodia formation in CHRFAM7A iPSC
embrane structure. a. Fluorescent phalloidin microscopy images of
amide hydrogels (0.15%) demonstrating filopodia in null and lamel-
ndependent morphological analysis (Fiji/Image J) of UB068 and
onstrate shift in circularity and perimeter between null (black) and
rrected p-values). c. Representative fluorescent phalloidin microscopy
Scale bar, 50 μm d. Operator independent morphological analysis of
r shift in morphology as seen in the iPSC derived monocytes. Carrier
arrier monocytes (Two-sample KS statistics, p-values for CHRFAM7A
ISA assay demonstrating activity of small GTPases CDC42, Rac1 and
isogenic monocytes (top panel). Data are presented as mean ± SD
and RhoA activity in monocytes plated on polyacrylamide hydrogels
y of small GTPases CDC42, Rac1 and RhoA in UB068 (black) and
bottom panel) isogenic monocytes. Data are presented as mean ± SD
vity before and after drug treatment (N = 2)). f. Pharmacological
AM7A isogenic monocytes by BGT and TG treatment. BGT treatment
lamide hydrogels confirm α7 nAChR dependence by inhibition of the
n of lamellipodia (V). TG, a SERCA inhibitor that depletes ER Ca2+

to lamellipodia (V) in UB068 monocytes. Scale bar, 20 μm.
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derived monocytes (Fig. 3e (top panel) and Fig. 3f
(I and II)).55

Using pharmacological modulation, we were able to
switch membrane phenotypes: BGT treatment of null
and CHRFAM7A (D) monocytes on 0.15% poly-
acrylamide hydrogels confirmed α 7 nAChR dependence
by inhibition of the preferred membrane structure
(Fig. 3f): inhibition of filopodia in null (Fig. 3f (I and III))
and inhibition of lamellipodia in CHRFAM7A mono-
cytes (Fig. 3f (II and IV)). The inhibition of the mem-
brane structure was accompanied by a decrease in
CDC42 activation in null and a decrease in Rac1 acti-
vation in CHRFAM7A monocytes (Fig. 3e (middle
panel)). TG shifted the preferred membrane structure
towards lamellipodia in null cells (Fig. 3f (I and V))
which was accompanied by an increase in Rac1 activa-
tion (Fig. 3e (bottom panel)). TG did not affect the
membrane structure in CHRFAM7A monocytes (Fig. 3f
(II and VI). Of note in null monocytes, ER Ca2+ depletion
mimics the effect of CHRFAM7A (Fig. 3f (I, II, and V)).

Taken together the electrophysiological, Ca2+ signal-
ling, small GTPase activation and actin cytoskeleton
rearrangement, we propose the following model: hypo-
morphic and partially ER retained α7/CHRFAM7A
nAChR shifts the cytoplasmic Ca2+ signal source from
the extracellular space to the ER reservoir and enhances
ER leak. These changes lead to more autonomous Ca2+

dynamics and spontaneous Ca2+ oscillations. The
change in amplitude and intracellular distribution of
Ca2+ activates Rac1 leading to actin cytoskeleton reor-
ganization in the form of lamellipodia.57 Downstream
actin effectors have been studied extensively in the
innate immune system and have been linked to
migration, cytokine transcriptional regulation and
inflammasome activation.58,59 Further work is needed to
fully elucidate the downstream actin effectors and to
characterize whether their regulation is through Rac1 or
through other Ca2+ decoders.

Adaptation to tissue stiffness
Structural and mechanical adaptation of the cells is
driven by the actin cytoskeleton.60 As α7/CHRFAM7A
nAChR initiates actin cytoskeleton changes, we explored
cellular behaviour in more biologically relevant me-
chanical microenvironments using hydrogels.61 Hydro-
gels mimic defined tissue stiffness, relevant to both
physiological and pathological conditions.61 We tested
the morphological phenotype in a series of hydrogels
spanning 2–30 kPa of elastic modulus, modelling the
microenvironment from almost fluid state to fibrosis
(Fig. 4a). Monocytes retained their preferred membrane
structure (null - filopodia, CHRFAM7A - lamellipodia)
all through the different hydrogel stiffnesses (Fig. 4b).
The series of hydrogels revealed morphological adaptive
response in the CHRFAM7A monocytes from low
(0.03%) to high (0.6%) stiffness conditions, while null
monocytes exhibited minimal adaptation (Fig. 4b and c).
www.thelancet.com Vol 103 May, 2024
Maximum distance between curves (D) and significance
of the analysed morphological parameters are depicted
in Fig. 4d.

We used BGT and TG to elucidate the adaptive
mechanism at low and high stiffness conditions. In the
low stiffness environment (0.03% hydrogel), BGT had
no effect (Fig. 4e) in either line. In contrast, TG
inhibited the morphological adaptation in both null and
CHRFAM7A monocytes, highlighting the role of the ER
reservoir in maintaining the morphological adaptation
(Fig. 4e). Of note, the Maximum distance between
curves (D) of the adaptation that is blocked is higher in
CHRFAM7A monocytes, suggesting an additional ER
dependent mechanism, the previously discussed ER
leak. In the high stiffness environment, BGT blocked
morphological adaptation in CHRFAM7A monocytes
with no effect on null cells (Fig. 4f), suggesting that
morphological adaptation is α7/CHRFAM7A nAChR
dependent gain of function (GOF) in stiff environment.

Atomic Force Microscopy (AFM) of single cells
demonstrated adaptive intracellular stiffness response to
hydrogel stiffness on fibronectin-coated low (0.03), in-
termediate (0.15), or high (0.6) stiffness hydrogels in
CHRFAM7A monocytes, in contrast to null (Fig. 4g).
The adaptive response, both morphological
(Supplementary Fig. S3, and Supplementary Table S2)
and intracellular stiffness occurred between 0.03% and
0.15% hydrogels corresponding to the shift between
physiological and pathological conditions in humans
(Fig. 4a, red bar).62,63

These cellular responses imply that CHRFAM7A
enables cellular adaptation to the mechanical properties
of the tissue environment through modulation of Ca2+

dynamics (soft)64,65 and through PM localized α7/
CHRFAM7A nAChR (stiff).62,63 During evolution, tissue
and organ specialization lead to diversity in tissue me-
chanics which is affected by pathological processes
(Fig. 4a). Human monocyte mechanosensation modu-
lated by α7/CHRFAM7A nAChR is a gain of function
(GOF) that facilitates cellular adaptation to these
changes.66,67 We hypothesize that this cellular adaptation
to the tissue environment represents innate immune
GOF in immune surveillance, as the adaptive cells can
reach tissues that otherwise have been immune
restricted.

Cellular adhesion, motility, and phagocytosis
As actin cytoskeleton is central to adhesion, cellular
motility and phagocytosis,68 we proceeded to study these
phenotypes in iPSC derived and primary human
monocytes. The presence of CHRFAM7A in the
isogenic monocytes resulted in distinct adhesion fea-
tures and type of cellular motility. Null cells demon-
strated focal distribution of the cellular adhesion
proteins actin, vinculin and VASP (Fig. 5a). In
CHRFAM7A cells, adhesion proteins colocalized into
podosomes spaced along the lamellipodia (Fig. 5a).
11
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Fig. 4: Adaptation to tissue stiffness. a. Schematic depicting tissue stiffness measured as elastic modulus in kPa modelled by various con-
centrations of polyacrylamide hydrogels indicated in gold. Tissue stiffness in examples of physiological (top) and pathological (bottom)
conditions (based on data from animal models) are shown. b. EVOS FL fluorescent images (objective 20×) of phalloidin stained UB068 and
UB068_CHRFAM7A isogenic monocytes on a series of fibronectin-coated hydrogels from 0.03 through 0.6 corresponding to a range of elastic
modulus from 2 to 30 kPa. Genotype specific preferred membrane structure is sustained at each stiffness; CHRFAM7A monocytes demonstrate
adaptive morphology over the stiffness gradient. Scale bar, 20 μm. c. Operator independent morphological analysis of UB068 (black) and
UB068_CHRFAM7A (orange) isogenic monocytes plated on the hydrogel gradient. UB068_CHRFAM7A (orange graph) monocytes show
circularity and perimeter adaptation in opposite direction from low to high stiffness while UB068 (black graph) shape is constant over the
hydrogel gradient (black). Represented as cumulative density curves (Two-sample KS statistics, Bonferroni corrected p-values)). d. Morphological
adaptation of UB068 (black) and UB068_CHRFAM7A (orange) isogenic monocytes between 0.03 and 0.15% polyacrylamide hydrogel are
depicted in the volcano plot (Two-sample KS statistics, maximum distance between curves (D) versus -log(p)). e. Pharmacological modulation
with BGT and TG on low (0.03) stiffness hydrogel indicates that low stiffness adaptation is TG (Ca2+) dependent in both UB068 (black) and
UB068_CHRFAM7A (orange) isogenic monocytes, albeit larger effect in UB068_CHRFAM7A (Two-sample KS statistics, Bonferroni corrected p-
values)). f. On high (0.6) stiffness hydrogel, BGT blocks adaptation of UB068_CHRFAM7A (orange) monocytes indicating that high stiffness
adaptation is BGT (α7/CHRFAM7A nAChR) dependent. One-dimensional cumulative distribution curves of morphological characteristics are
depicted. (c, e, f: N = 3–7, 250–350 cells per genotype, Two-sample KS statistics, Bonferroni corrected p-values). g. Atomic Force microscopy
(AFM). Cells were seeded on fibronectin-coated low (0.03%), intermediate (0.15%), or high (0.6%) stiffness hydrogels for 1 h. AFM was
performed to measure intracellular stiffness. The stiffness data was summarized as scatter plot. (N = 3, 30 cells per condition, bars show
mean ± 95% CI. Statistical tests were performed by independent two-tailed t-tests, Bonferroni corrected p-values.).
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These distinct adhesion patterns resulted in differences
in adhesion properties of the cells to various matrices
(Fig. 5b). Null cells demonstrated higher adhesion to
laminin compared to CHRFAM7A monocytes consis-
tent with the focal adhesion detected by the ICC. Focal
adhesions are mediated by laminin-integrin interac-
tion.69,70 In contrast, CHRFAM7A monocytes had higher
adhesion to Geltrex, which in addition to laminin, con-
tains collagen IV, entactin, and heparan sulphate pro-
teoglycans and is considered as a model of the basement
membrane.71

Cellular motility of null and CHRFAM7A monocytes
are defined by their actin cytoskeleton and adhesion
phenotypes. When exposed to chemoattractant CXCL12,
null monocytes migrated through transwell inserts
(Fig. 5c). In contrast, in the experimental system when
transwells are coated with Matrigel, CHRFAM7A
monocytes were able to invade and transgress the coated
inserts while null monocytes were unable to respond to
the chemoattractant (Fig. 5d). In human primary
monocytes CHRFAM7A noncarriers exhibited higher
migration ability while carriers favoured invasion as
cellular locomotion (Fig. 5e and f). Pharmacological
modulation with small GTPase inhibitors showed that
migration in response to CXCL12 is RhoA dependent in
null monocytes (reduced by RhoA antagonist Rhosin)
(Fig. 5g). In CHRFAM7A monocytes, invasion was
blocked by Rac1 inhibitor EHT1864 (Fig. 5h), validating
the proposed mechanism of CHRFAM7A associated
Rac1 activation.29

Morphologically CHRFAM7A monocytes achieved
the invasion GOF with the lamellipodia structure
(Fig. 5a, lower panel) and podosome distribution along
the lamellipodia (Fig. 5a, lower panel).72 Fluorescent
collagen degradation images (Fig. 5i) demonstrated that
null monocytes have an accumulation of collagen
www.thelancet.com Vol 103 May, 2024
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degradation puncta (Fig. 5i, left panel) consistent with
filopodia exploratory movement.73 In contrast,
CHRFAM7A monocytes have podosomes spaced along
the lamellipodia (Fig. 5i, right panel) that create a
collagen degradation pattern that follows the lamellipo-
dia outline.74 The invasion GOF is congruent with
increased MMP2 expression in CHRFAM7A monocytes
at baseline and when exposed to hydrogels (Fig. 5j).

Both in the iPSC model and in primary monocytes,
non-carriers of CHRFAM7A demonstrated filopodia
and focal adhesion consistent with migration, while
CHRFAM7A carriers showed lamellipodia, podosomal-
type adhesion, and increased MMP2 expression leading
to invasion GOF consistent with current understanding
of the mechanism of cellular locomotion.75–77

Phagocytosis is an essential component of tissue
homeostasis and the innate immune response.78 The
process requires profound reorganization of the cell
morphology around the target in a controlled manner.
Critical aspects of the interaction between receptors,
membrane, and the actin cytoskeleton have been iden-
tified.79 To evaluate the effect of CHRFAM7A mediated
actin cytoskeleton GOF we performed time course ex-
periments of 1 μm FluoroSpheres uptake as a phago-
cytosis assay. Both cell lines demonstrated time
dependent uptake of the beads. CHRFAM7A isogenic
monocytes demonstrated more efficient phagocytosis all
through the time course, reaching statistical significance
at 4 h (Fig. 5k and l).

In summary, all three actin cytoskeleton phenotypes,
cellular adhesion, motility and phagocytosis reveal a
CHRFAM7A mediated innate immune gain of function.
Fig. 5: Cellular adhesion, motility, and phagocytosis. a. Representative c
UB068 and UB068_CHRFAM7A derived macrophages. Note the monola
rophages versus bilateral – in the direct. Podosomes are visualized by actin
cell adhesion in the isogenic monocytes plated on laminin (upper panel) a
violet stained cells represented as mean ± SD (N = 3, independent two
UB068 and UB068_CHRFAM7A isogenic monocytes plated on transwell
for 16 h. Spectrophotometric quantification of crystal violet stained cells in
tailed t-test). d. Invasion assay on UB068 and UB068_CHRFAM7A isoge
with and without chemoattractant CXCL12 for 16 h. Spectrophotometric
depicted mean ± SD, independent two-tailed t-test). e. Migration through
independent experiments. Box plots depict relative absorption of crystal
(orange) primary human monocytes (independent two-tailed t-test). f. M
from 9 donors in 18 independent experiments (Box plots depict relat
Pharmacological modulation of migration of UB068 isogenic monocytes w
CDC42 (ML 141), RhoA (Rhosin) and Rac1(EHT 1862) inhibitors. Spect
chamber. (N = 3–5, depicted as mean ± SD, independent two-tailed t-t
inhibitors in UB068_CHRFAM7A isogenic monocytes. Monocytes were
(ML141), RhoA (Rhosin) and Rac1 (EHT 1862) inhibitors. (N = 3–5, depi
images of UB068 and UB068_CHRFAM7A isogenic monocytes plated on fl

gene expression levels of UB068 and UB068_CHRFAM7A monocytes at
(N = 3–5, depicted as mean ± SD, independent two-tailed t-test). k.
macrophages incubated for 4 h with 1 μm polystyrene yellow green Flu
polystyrene yellow green FluoSpheres in UB068 and UB068_CHRFAM7A
condition per experiment; Mann–Whitney U-test with Bonferroni multip
This gain of function is due to actin cytoskeleton reor-
ganization through Rac1 by resetting Ca2+ signalling.
Discussion
CHRFAM7A, a human restricted fusion gene between
CHRNA7 and ULK42 is a negative regulator of the α7
nAChR.17–20,24 Human restricted genes are of importance
as they can contribute to human specific traits and to the
translational gap in drug development.17 Large scale
functional annotation of human restricted genes
revealed their role in immune adaptation, development
of the human brain and adaptation involving metabolic
processes1 aligning with the innate immune GOF pre-
sented here. Mechanistically, human specific fusion
genes frequently act as a negative regulator of a canon-
ical pathway resulting in a biological gain of function
with selective advantage. SRGAP2 has two human-
specific duplication alleles, SRGAP2B and SRGAP2C.
The duplications are partial and encode a truncated F-
BAR domain. SRGAP2C dimerizes with ancestral
SRGAP2 to inhibit its function, releases the block of
radial migration, resulting in the evolution of the hu-
man neocortex.80,81 ARHGAP11B, another human
restricted partial duplication, promotes basal progenitor
generation, increasing cortical plate area and inducing
gyrification.82 We have previously shown that the hypo-
morphic α7/CHRFAM7A nAChR releases NFκB inhi-
bition in microglia, switching from anti-inflammatory to
proinflammatory state.19 In the context of immune
surveillance, α7/CHRFAM7A nAChR mitigates the
control of Ca2+ dynamics by the extracellular space
onfocal images demonstrating differences in focal adhesion between
teral distribution of the cellular adhesion proteins in the null mac-
/vinculin or actin/VASP staining. Scale bar, 50 μm. b. Quantification of
nd Geltrex (lower panel). Spectrophotometric quantification of crystal
-tailed t-tests, Bonferroni corrected p-values). c. Migration assay on
inserts with and without chemoattractant CXCL12 in lower chamber
lower chamber are depicted as mean ± SD (N = 3, independent two-
nic monocytes plated on 8 mg/ml Matrigel coated transwell inserts
quantification of crystal blue stained cells in lower chamber (N = 3–5,
transwell inserts of primary human monocytes from 12 donors in 24
violet stained cells in lower chamber in Noncarrier (black) and Carrier
atrigel coated transwell invasion assay of primary human monocytes
ive absorption of crystal violet stained cells in lower chamber). g.
ith small GTPase inhibitors. Monocytes were plated with or without

rophotometric quantification of crystal violet stained cells in lower
est). h. Pharmacological modulation of invasion with small GTPase
plated on Matrigel coated transwell inserts with or without CDC42
cted as mean ± SD, independent two-tailed t-test). i. Representative
uorescent collagen for 16 h. Black pixels depict degradation. j. MMP2
baseline and upon exposure to fibronectin coated hydrogel for 1 h
Representative images of UB068 and UB068_CHRFAM7A isogenic
oSpheres. l. Quantification of time-dependent phagocytosis of 1 μm
isogenic macrophages depicted as Box plots (N = 3, 30–50 cells/

le testing correction).
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creating cell autonomous Ca2+ oscillations leading to
actin cytoskeleton GOF.

CHRFAM7A is the result of complex chromosomal
rearrangements, including duplication, deletion and
inversion events on chromosome 15 during evolution.2

As it is not present in any other species, the function
of CHRFAM7A remains unexplored. Recently, two
studies reported on CHRFAM7A function in transgenic
mouse models, suggesting a role in inflammation and
neurodegeneration,83,84 aligning with the large scale
annotation.1 The immune phenotype of the
CHRFAM7A KI mice revealed a shift towards the
monocytic lineage and increased monocytic presence in
the damaged lung tissue which was protective from
secondary infection in a burn model.83

While electrophysiological studies have shown that
incorporation of CHRFAM7A into the α7 nAChR pen-
tamer results in decreased channel open probability
leading to a hypomorphic receptor,17,18,49 the effect on
Ca2+ signalling was in need of further characteriza-
tion.28,29 We systematically assessed the effect of
CHRFAM7A on Ca2+ oscillations using live cell Fluo-4
imaging. Using modelling and Bayesian inference the
Ca2+ signal changes are identified as a shift in utilization
of Ca2+ from extracellular space (hypomorphic α7/
CHRFAM7A nAChR) to intracellular (ER) reservoir.
Furthermore, the increased ER leak leads to resetting
the Ca2+ steady state in the cytoplasm and cell autono-
mous spontaneous oscillations.85 Pharmacological re-
sponses depicted a unique difference in the cytoplasmic
Ca2+ signal: paradoxical increase in amplitude upon
BGT treatment in both the isogenic model and human
primary monocytes aligning with the hypothesis that
intracellular processes are driving the Ca2+ dynamics in
the presence of CHRFAM7A. Paradoxical increase upon
treatment with ER reservoir sparing agents (U73122 and
Xesto) further support the ER leak mechanism due to
the retention of the α7/CHRFAM7A nAChR in the ER,
likely due to decreased glycosylation of the fusion
protein.54,86

These data provide mechanistic insights to some of
the biological outcomes reported in the CHRFAM7A
mouse burn model.83 Lung burn injury implicates a
diseased lung tissue with increased stiffness of the
ECM.64 CHRFAM7A KI mice were able to fend off
secondary bacterial infection due to a second wave of
macrophages populating the diseased lung tissue.83

Actin has been designated as mechanically adaptive
material.60 We show that the reset of Ca2+ signalling
activates Rac1 and infers actin cytoskeleton reorganiza-
tion.87 The functional outcome is a cell that adapts to the
mechanical properties of the tissue and switches to in-
vasion as a cellular motility strategy.88 Podosome dis-
tribution and MMP2 gene expression support the
invasion GOF.89 The increased adaptation to the me-
chanical properties of the tissue and invasion as the
cellular motility form align with the biological
www.thelancet.com Vol 103 May, 2024
observations in the CHRFAM7A KI burn model.83 Of
note, the hypothesis that cellular motility is affected by
CHRFAM7A was tested in an in vitro migration assay,
which showed decreased migration of CHRFAM7A
monocytes60 similar to our isogenic iPSC derived
monocytes; however, invasion was not assessed in that
study.

There are several limitations to our study that invite
caution and further work. The experiments are cell
based in vitro observations albeit resulted in congruent
results between iPSC derived isogenic monocytes and
human primary monocytes from 30 donors. These
similar observations suggest that the phenotypes in the
iPSC model are not related to overexpression of
CHRFAM7A. We highlight the mechanism of Ca2+ dy-
namics and its biological outcomes through small
GTPase Rac1. Lamellipodia formation is linked to actin
branching driven by Wave and (Arp)2/3 complex.57 To
fully characterize the signalling pathways affected by
CHRFAM7A, additional experiments may be needed.
Small GTPases have been implicated in migration,
inflammasome activation and transcriptional regulation
of cytokines,58,59 for example regulation of NADPH and
NFκB. Downstream of Rac1 a whole array of actin ef-
fectors has been characterized58,59 which needs a com-
plex set of experiments. Ca2+ signalling being the central
mechanism upstream of Rac1 opens a whole new area
of inquiry on Rac1 independent Ca2+ decoding, for
example how CHRFAM7A may affect the combinatorial
transcriptional regulation in the innate immune system
as all master transcription factors are Ca2+ decoders,
including NFAT, NFκB and AP1.90,91

We also note the potential for confounding factors in
the presented between-group comparisons, and thus
additional, larger studies will be required in order to
statistically adjust for subject specific variables related to
outcome.

The function of the inverted allele remains elusive.
There is compelling evidence that the inverted allele is
null from the perspective of the α7 nAChR17 and pre-
dicted to be non-translated.2 However, allele frequency
in the human population is similar to the direct allele
indicating strong selective pressure for the inverted
allele as well.17 The genetic mechanism and functional
consequences of the inverted allele needs further work
to screen for α7 nAChR independent mechanisms.

The isogenic iPSC model enabled us to define allele
specific gain of function in contrast to null, shedding
light on evolutionary aspects and suggesting immune
spatial vigilance as a selective pressure for enrichment
of CHRFAM7A in the human population. Importantly,
CHRFAM7A is not only human specific, it also has di-
versity as 25% of humans are noncarriers of the func-
tional allele while 75% are carriers.17 This 1:3 split
predicts profound translational significance. Although
much work is needed, these observations open new
opportunities to explore human biology in the context of
15
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this binomial diversity. It is plausible that clinical out-
comes of drugs affecting this pathway would be
different in carriers versus noncarriers of the hypo-
morphic α7/CHRFAM7A nAChR, depending upon the
disease and the mechanism involved.17 CHRFAM7A has
been implicated in systemic inflammatory response,92

inflammatory bowel disease,93 COVID associated cyto-
kine storm,94 HIV-associated neurocognitive disorders,95

osteoarthritis,96 and cancer metastasis.64,97 Utilizing
CHRFAM7A genotype in pharmacogenetic clinical trial
design can lead to successful drug development. As Ca2+

signalling drives fundamental biological processes
overarching cellular metabolism, migration, invasion,
proliferation and apoptosis, other biological and patho-
logical processes are likely affected by CHRFAM7A.
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