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Spatial control
of PD-L1

ABSTRACT: Programmed Death-1 (PD-1) is a coinhibitory receptor expressed on activated T cells that suppresses
T-cell signaling and effector functions. It has been previously shown that binding to its ligand PD-L1 induces a
spatial reorganization of PD-1 receptors into microclusters on the cell membrane. However, the roles of the spatial
organization of PD-L1 on PD-1 clustering and T-cell signaling have not been elucidated. Here, we used DNA
origami flat sheets to display PD-L1 ligands at defined nanoscale distances and investigated their ability to inhibit T-
cell activation in vitro. We found that DNA origami flat sheets modified with CD3 and CD28 activating antibodies
(FS-a-CD3-CD28) induced robust T-cell activation. Co-treatment with flat sheets presenting PD-L1 ligands
separated by ~200 nm (FS-PD-L1-200), but not 13 nm (FS-PD-L1-13) or 40 nm (FS-PD-L1-40), caused an
inhibition of T-cell signaling, which increased with increasing molar ratio of FS-PD-L1-200 to FS-a-CD3-CD28.
Furthermore, FS-PD-L1-200 induced the formation of smaller PD-1 nanoclusters and caused a larger reduction in
IL-2 expression compared to FS-PD-L1-13. Together, these findings suggest that the spatial organization of PD-L1
determines its ability to regulate T-cell signaling and may guide the development of future nanomedicine-based
immunomodulatory therapies.

KEYWORDS: DNA nanotechnology, DNA origami, PD-1 receptor, cancer immunotherapy, nanoscale spatial distribution

P rogrammed death-1 (PD-1) receptor is one of the most cancer immunotherapy.ls’lé Conversely, PD-1 agonists have

promising immune checkpoint targets for reactivation been proposed as therapies for autoimmune diseases.'’
olfzthe adaptive immune response in cancer immuno- Therefore, there is a need to gain a fuller understanding of
therapy.”” PD-1 acts as a coinhibitory receptor expressed in the mechanisms of PD-1-mediated inhibition of T-cell

antigen-stimulated T cells to suppress T-cell signaling.>~°
Binding of PD-1 to its ligands PD-L1 or PD-L2 overexpressed
in cancer cells and antigen-presenting cells (APC) within the
tumor microenvironment represses the antitumor activity of
effector T cells.”™ Although blockade of PD-1 and PD-L1/ Received: December 19, 2020
PD-L2 interactions has produced clinical successes, the Accepted:  January 26, 2021
majority of patients do not benefit from this treatment.'”"’ Published: February 8, 2021
Furthermore, PD-1 signaling is also critical for maintaining T-

cell tolerance and preventing autoimmunity,lz_14 and auto-

immune adverse events can arise following PD-1 blockade in

signaling to improve the effects of PD-1 modulators in the
clinic.

© 2021 American Chemical Society https://dx.doi.org/10.1021/acsnano.0c10632

W ACS Publications 3441 ACS Nano 2021, 15, 3441-3452


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Trixy+Fang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonatan+Alvelid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joel+Spratt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+Ambrosetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilaria+Testa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+I.+Teixeira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.0c10632&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10632?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10632?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10632?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10632?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10632?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10632?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10632?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10632?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/15/2?ref=pdf
https://pubs.acs.org/toc/ancac3/15/2?ref=pdf
https://pubs.acs.org/toc/ancac3/15/2?ref=pdf
https://pubs.acs.org/toc/ancac3/15/2?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c10632?ref=pdf
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/
http://pubs.acs.org/page/policy/authorchoice/index.html

ACS Nano

www.acsnano.org

a

Azide-Tag 1

Alexa Fluor 647-

DBCO-NHS ester complementary oligo 1
‘ o, &t!>>&£;44"5‘
Owj? =) "1\,«}‘*‘{(44‘”‘% —)
Anti-CD3e IgG >
Alexa Fluor 647-
q Azide-Tag 2 complementary oligo 2
‘r ‘r At ‘r "\‘*“-“‘ﬁe;aﬂ“' .r
O | » (oS i P
3 —) -‘ﬂ:v‘f‘\'&r{vf""'ﬂ”" # TR ‘fﬁq\'
Anti-CD28 IgG
bis-sulfone-PEG,-DBCO ) Alexa Fluor 488-
N . P N Azide-Tag 3 complementary oligo 3
£ L e 3o KT & i, 2
g’ N - i, W, *"%@,\A@uﬂ"“'
o . & . &
PD-L1-His-tag
& » & X & PO F & » N
& & S & £ o & & & & & &F & & 8 & & L
& Qo‘& S e Qoé\ & & & -\\éb\ N & &‘\& \o@ N s QQ‘\(\ Q\i*‘& K & 5 0Q°° Q§ & N s
S 5 o ¥ & X o ¥ @ < S & £ @ Q S @ @ & § 'y PO £
AR S R I AR S A & & & & & & S F T & S
) s aEaE———
<«
et — <
Unconjugated
> > .- > b > -
> > .
» > i
) S =
> - B -— : - — e e ; -_— - B e
Cy5 channel Silver stain Cy5 channel Silver stain SYBR Green channel Silver stain

Figure 1. Production of anti-CD3 IgG—, anti-CD28 IgG—, and PD-L1—oligo conjugates. (a) A schematic workflow of anti-CD3¢ IgG, anti-
CD28 IgG, and PD-L1-His conjugations to 3’ azide oligos via copper-free click chemistry and hybridization with complementary
fluorescently labeled oligos for fluorescence native PAGE. The antibodies and PD-L1-His were labeled using DBCO-NHS ester and bis-
sulfone-PEG,-DBCO cross-linkers, respectively. (b) Fluorescence native PAGE of (i) anti-CD3 IgG—, (ii) anti-CD28 IgG—, and (iii) PD-
L1-oligo conjugates before and after purification, imaged using CyS or SYBR Green channels and then silver stained. Unconjugated
proteins and azide—oligos mixed with fluorescently labeled oligos were run as controls (purple and blue arrowheads respectively). The
control for fluorescently labeled oligos alone (Fluo-oligo) shows unhybridized fluorescently labeled oligos (gray arrowhead). Black
arrowheads indicate protein—oligo conjugate products, in which two PD-L1—oligo conjugate products of one and two oligos attached were

formed (upper and lower bands, respectively (iii)).

Mechanistic studies using supported lipid bilayers to
artificially interrogate the T-celllAPC interface (also known
as the immunological synapse) have revealed the formation of
PD-1 microclusters on the T-cell membrane upon binding to
PD-L1."*7*' The PD-1 microclusters partially colocalized with
T-cell receptor (TCR) microclusters during initial cell-bilayer
contact and subsequently migrated to costimulatory receptor
CD28 microclusters, resulting in dephosphorylation of TCR-
CD3 and CD28 complexes by recruitment of Src homology
region 2 domain-containing phosphatase-2 (SHP-2).'*"
While some studies have reported that PD-1 is primarily
associated with TCR signaling,ﬁ'lg’zz’23 others have either
shown that CD28 is the preferred target'”** or that both TCR
and CD28 are equally inhibited.”> Furthermore, the
costimulatory receptor CD2 was shown to localize to the
outer edge of the immunological synapse and boost TCR
signaling, an effect which was dampened by colocalization with
ligand-bound PD-1, even in the absence of CD28 engage-
ment.”’ Although the underlying mechanisms are not fully
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elucidated, these studies support the hypothesis that the spatial
organization of PD-1 on the T-cell membrane is a relevant
biophysical regulator for PD-1-mediated T-cell suppression.
Interestingly, homodimerization of PD-L1 by nonpeptide-
based small molecule inhibitors have been reported to block
PD-1/PD-L1 interactions and restore TCR activity.”*™>*
However, a secreted PD-L1 alternative splice variant that
forms homodimers was more effective in T-cell inhibition than
soluble PD-L1 monomers.”” Therefore, the effects of spatial
proximity of PD-L1 ligands on PD-1 mediated inhibition of T-
cell signaling remain unclear.

DNA origami nanofabrication presents a robust and
programmable approach to position individual proteins with
nanoscale precision.”””' DNA origami-based nanostructures
have been used to produce nanoscale protein patterns that
tune membrane receptor activation, downstream signaling and
overall cellular responses.”” > TCR activation on bioengi-
neered surfaces commonly utilize antibodies to CD3, a signal
transduction component of the TCR complex, for a non-
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Figure 2. Production of protein—DNA flat sheets. (a) (i) Schematic designs of DNA flat sheets without proteins (FS-empty), functionalized
with one anti-CD3 IgG—oligo conjugate in the center (FS-@-CD3), anti-CD3 IgG— and anti-CD28 IgG—oligo conjugates (FS-a-CD3-
CD28), and (ii) functionalized with PD-L1—oligo conjugates at different positions (FS-PD-L1, FS-PD-L1-13, FS-PD-L1-40 and FS-PD-L1-
200). For simplistic representation, flat sheets are depicted as rhombi and anti-CD3 IgG, anti-CD28 IgG, and PD-L1 are shown as magenta,
green, and cyan blobs, respectively. Representative AFM images of flat sheets folded in 1X PBS (right column). Scale bar = 50 nm. (b)
Immunolabeling of protein—DNA flat sheets with fluorescently labeled antibodies and agarose gel electrophoresis. L, 1 kb Plus DNA ladder.
S, p8064 ssDNA scaffold. BP, before Sepharose purification. AP, after Sepharose purification. Red plus symbol, addition of Alexa Fluor 647-
anti-mouse Fc IgG to flat sheets. Green plus symbol, addition of Alexa Fluor 488-anti-PD-L1 IgG to flat sheets.

antigen specific trigger.36_39 Costimulation with CD28 anti- results in cell proliferation and the production of cytokines
bodies provides a secondary signal for T-cell activation which such as the key pleiotropic lymphocyte mitogen interleukin-2
3443 https://dx.doi.org/10.1021/acsnano.0c10632
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(IL-2).>*~*" Here, we used the wireframe-scaffolded DNA
origami strategy to produce DNA origami flat sheets that
remain stable under physiological ionic strengths, unlike DNA
nanostructures composed of densely packed DNA helices.****
These DNA origami flat sheets were functionalized to present
either agonistic anti-CD3 antibodies (FS-a-CD3), antibodies
against CD3 and CD28 (FS-a-CD3-CD28), or PD-L1 proteins
separated by varying nanoscale distances. As a readout of T-cell
activation, we analyzed the activity of a luciferase reporter
driven by nuclear factor of activated T cells (NFAT) response
elements in PD-1-expressing Jurkat T cells. NFAT is a family
of transcription factors that are induced following TCR ligation
to elicit transcription of genes involved in T-cell activation and
development, including IL-2.** We demonstrated that DNA
flat sheets presenting two PD-L1 ligands separated by 200 nm
(FS-PD-L1-200), but not 13 nm (ES-PD-L1-13) or 40 nm
(FS-PD-L1-40), were able to reduce the levels of CD3- and
CD3/CD28-triggered NFAT activity. Moreover, dose—
response assays showed that NFAT activity levels decreased
with increasing concentrations of FS-PD-L1-200. In addition,
cell stimulation with FS-PD-L1-200 resulted in smaller PD-1
cluster sizes and decreased IL-2 mRNA expression compared
to stimulation with FS-PD-L1—13. Overall, these findings
demonstrate that the nanoscale spatial distribution of PD-L1
tunes T-cell signaling.

RESULTS AND DISCUSSION

Synthesis of Anti-CD3 IgG-, Anti-CD28 IgG-, and PD-
L1—-oligo Conjugates. In order to assemble proteins on
DNA origami flat sheets, we conjugated anti-CD3 IgG, anti-
CD28 IgG, and recombinant PD-L1-His-tag protein to single-
stranded DNA oligos (ssDNA) designed to hybridize to
complementary oligos that protrude from the origami surface.
The antibodies were first functionalized with a dibenzocy-
clooctyne-N-hydroxysuccinimide (DBCO-NHS) ester cross-
linker that reacts with primary amine (NH,) groups on the
antibodies (Figure la). Functionalization of PD-L1-His was
achieved by a site-specific bis-alkylation conjugation at the 6-
histidine-tag using a bis-sulfone-polyethylene glycol 4-dibenzo-
cyclooctyne (bis-sulfone-PEG,-DBCO) linker, as previously
reported.‘?"g’45 In a consecutive copper-free click reaction, azide-
modified oligos, namely Tag 1, 2, and 3 (Table S1), were then
added to react with the DBCO groups on anti-CD3 IgG, anti-
CD28 IgG, and PD-L1 respectively. The protein—oligo
conjugates were then visualized on either fluorescence native
polyacrylamide gel electrophoresis (native PAGE), when
hybridized with complementary fluorescently labeled oligos,
or by reducing SDS-PAGE (Figure 1b, Figure S1 and S2).
Protein—oligo conjugates were confirmed by the presence of
higher molecular weight fluorescent bands which were also
labeled by silver staining on the native PAGE. The degree of
conjugation was found to be between one and two azide—
oligos to each protein (Figure 1b and Figure S2), and
reduction of antibody—oligo conjugates revealed that these
modifications occurred primarily on the heavy chains (Figure
S2). The fluorescence native PAGE analysis also showed that
the majority of unreacted azide—oligos were removed during
the purification step (Figure 1b(i—iii) and Figure S1). Taken
together, these results validate the labeling density and quality
of the three protein—oligo conjugates used in this study.

Production of Antibody- and PD-L1-DNA Flat Sheets.
As a platform for assembling the protein—oligo conjugates, we
used a wireframe DNA origami flat sheet design (Figure S3)
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which yields nanostructures that have the capacity to fold and
remain stable under physiological salt conditions.”> The flat
sheets were first folded using short ssDNA oligos (staples)
which bind complementarily to regions of the p8064 phage
ssDNA scaffold. Protein—oligo conjugates were then as-
sembled onto flat sheets via hybridization with complementary
5" ends of staples at designated positions that protrude out of
the nanostructure (Figure S3b). Each protein binding site
consists of a pair of protruding staples within a 3-tessellation
triangulated tile to ensure a high yield of hybridized protein—
oligo conjugates at each site.

Using this principle, we developed a panel of DNA flat
sheets displaying antibody— and PD-L1—oligo conjugates at
different positions (Figure 2). DNA flat sheets without any
proteins (FS-empty), with one binding site in the center for
anti-CD3 IgG (FS-a-CD3), and with anti-CD3 and anti-CD28
IgGs separated along the helical axis 13.6 nm (FS-a-CD3-
CD28), were used as controls (Figure 2a(i)). For flat sheets
containing PD-L1, we designed a single PD-L1 binding site in
the center (FS-PD-L1) or two binding sites spaced 13.6, 43.5,
and 202.3 nm (FS-PD-L1-13, FS-PD-L1-40, and FS-PD-L1-
200) (Figure 2a(ii)). The 13.6 nm spacing was designed to
display two closely spaced PD-L1 ligands. The 43.5 nm
distance was created from adjoining triangle tiles to the 13.6
nm design to control the spatial distribution of PD-L1 ligands
within the 35—70 nm range of TCR nanoclusters.*® Finally, the
202.3 nm distance was selected to space proteins at the
maximum limit that can be achieved with these flat sheets.
Atomic force microscopy (AFM) confirmed the self-assembly
of flat sheets presenting the protein—oligo conjugates
according to design, with estimated fractions of 40—65%
(Figures S4—S10). As the protein—oligo conjugates are
tethered to the flat sheets via a 19 bp or 21 bp oligo, we
observed fluctuations in protein distances, which we quantified
for FS-a-CD3-CD28 and FS-PD-L1-40 (Figures S11 and S12).
For FS-PD-L1-200, the PD-L1 proteins presented at the edge
of the origami tended to land on the mica surface and appear
as small protrusions on the AFM images (Figures S10 and
S13). In addition to AFM imaging, we immunolabeled the
protein flat sheets and visualized with agarose gel electro-
phoresis to verify hybridization of protein—oligo conjugates to
the flat sheets (Figure 2b). We observed that flat sheets
functionalized with PD-L1 were recognized by Alexa Fluor 488
anti-PD-L1 IgG. Similarly, Alexa Fluor 647-anti-mouse Fc IgG
detected flat sheets functionalized with @-CD3 and a-CD28
IgG and increased aggregation of flat sheets (Figure 2b, CyS
channel). We further characterized the binding ability of flat
sheets functionalized with two PD-L1 proteins (FS-PD-L1-13,
FS-PD-L1-40, and FS-PD-L1-200) to PD-1 receptors by
surface plasmon resonance (SPR) (Figure S14). FS-PD-L1-
13, FS-PD-L1-40, and FS-PD-L1-200 exhibited similar binding
to PD-1, indicating that the conjugation and hybridization to
the flat sheets did not interfere with the binding ability of PD-
L1. Together, the AFM imaging, agarose gels and SPR data
show that the protein flat sheets were produced according to
design and that PD-L1 presented by the flat sheets retained the
ability to bind PD-1.

Spatial Organization of PD-L1 Modulates T-Cell
Signaling. To investigate the effects of PD-L1 nanoscale
spatial distribution on T-cell signaling, we performed a NFAT-
luciferase reporter assay in PD-1 expressing Jurkat T cells. To
immobilize the flat sheets on the surface, we incorporated
biotin-modified staples at four positions in the flat sheets such

https://dx.doi.org/10.1021/acsnano.0c10632
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Figure 3. NFAT-luciferase activity regulated by antibody- and PD-L1-flat sheets. (a) Illustration of the experimental setup of protein—DNA
flat sheet stimulation of PD-1-NFAT-luciferase reporter Jurkat cells. Flat sheets folded with biotinylated staples, as indicated by the four
black squares and a magnified view of a biotin(purple)—oligo(green), were bound to a precoated streptavidin—biotinylated-BSA surface in a
96-well tissue culture plate before cell seeding. (b) Fold changes of NFAT-luciferase activity of cells after stimulation with FS-empty, FS-a-
CD3, and costimulation with FS-@-CD3 and FS-PD-L1, FS-PD-L1-13 or FS-PD-L1-200. (c) Fold changes of NFAT-luciferase activity of cells
after stimulation with FS-empty, FS-a-CD3-CD28, and costimulation with FS-@-CD3-CD28 and FS-PD-L1, FS-PD-L1-13, FS-PD-L1-40, or
FS-PD-L1-200. (d) Fold changes of NFAT-luciferase activity of cells after stimulation with FS-empty, FS-a-CD3-CD28, and increasing molar
ratios of FS-a-CD3-CD28 to FS-PD-L1-200 (1:1 to 1:10). Data is presented from three independent experiments (N = 3) as indicated by the
black dots. Every dot represents the average from triplicates consisting of 3000 cells each. Error bars indicate standard error of the mean. P
values are indicated as * < 0.05, ** < 0.01, *** < 0.001 as determined by one-way analysis of variance (ANOVA) followed by Tukey’s honest

significance (HSD) test.

that the biotins protruded from the non-protein side (Figure
3a). The biotinylated protein flat sheets were then coated on a
streptavidin—biotinylated-bovine serum albumin (BSA) sur-
face before cell stimulation. We verified the presence of biotins
on the flat sheets with fluorescently labeled streptavidin
(Figure S15). Given that NFAT-dependent gene expression
can be activated by TCR-CD3 stimulation alone,””** we first
stimulated PD-1-NFAT luciferase cells with flat sheets
functionalized only with anti-CD3 antibody (FS-a-CD3) and
measured the activation levels with increasing flat sheet
concentrations (Figure S16). The NFAT-luciferase activity
showed a dose-dependent response with increasing concen-
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trations of FS-a-CD3 stimulation. In subsequent luciferase
assays, we used a concentration of 0.5 nM FS-a-CD3 to obtain
an activation of NFAT above background levels that could still
be regulated by PD-L1 stimulation (Figure 3b). The wells were
first coated with FS-a-CD3 and then PD-L1-flat sheets at 10-
fold (FS-PD-L1-13, FS-PD-L1-200 at 5 nM) or 20-fold (FS-
PD-L1 at 10 nM) molar excess of FS-a-CD3, to obtain
equivalent molar amounts of PD-L1. To ensure that the total
molar concentration of flat sheets was equivalent between
conditions, FS-empty was added in FS-a-CD3, FS-PD-L1-13
and FS-PD-L1-200 conditions.

https://dx.doi.org/10.1021/acsnano.0c10632
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Figure 4. STED microscopy of PD-1 nanoclusters. (a) Confocal versus STED image of a PD-1-SNAP Jurkat cell labeled with SNAP-647-SiR.
Scale bar = 2 um. (b) Magnification of the marked area in (a), showing a confocal versus STED image of two protrusions with PD-1 localized
on the membrane. Scale bar = 500 nm. (c) Same image as in (b) in STED mode with overlaying PD-1 cluster localizations (white crosses).

Scale bar = 500 nm.

We found that FS-PD-L1-200 resulted in a considerable
decrease in CD3-mediated NFAT-luciferase activity (~60.8%)
which was significantly different from FS-PD-L1 and FS-PD-
L1-13 (Figure 3b). FS-PD-L1 and FS-PD-L1-13 showed no
significant decrease in CD3-induced NFAT-luciferase activity,
indicating that a single PD-L1 ligand or two PD-L1 ligands
presented in proximity did not elicit PD-1-inhibition on TCR-
CD3 signaling. To further investigate the role of PD-L1
nanoscale spatial distribution on T-cell activation in the
presence of costimulation mediated by CD28, we treated cells
with flat sheets functionalized with both CD3 and CD28
antibodies (FS-a-CD3-CD28) (Figure 3c). We also intro-
duced FS-PD-L1-40 in the panel of PD-L1-flat sheet designs.

Consistent with the results obtained with FS-a-CD3, FS-
PD-L1-200 induced a statistically significant inhibition of
NFAT-luciferase activity. In addition, FS-PD-L1-40 showed
similar NFAT-luciferase levels to those of FS-PD-L1-13, with
no significant decrease compared to cells treated with FS-a-
CD3-CD28 alone. Overall, the results confirm that FS-PD-L1-
200, but not FS-PD-L1, ES-PD-L1-13, or FS-PD-L1-40,
enabled inhibition of CD3- and CD3/CD28-mediated T-cell
activation. We also verified the stability of flat sheets in cell
culture media by agarose gel electrophoresis. The flat sheets
remained largely intact in complete media after 3 h at 37 °C
(Figure S17), indicating that the nanostructures were
preserved under these cell stimulation conditions.

To investigate the effects of stoichiometry of FS-PD-L1-200
on NFAT-luciferase activity, we stimulated cells with
increasing molar ratios of FS-a-CD3-CD28 to FS-PD-L1-200
(1:1 to 1:10). We observed a gradual decrease in NFAT-
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luciferase activity with increasing molar ratios and a significant
reduction at 1:10 ratio of FS-a-CD3-CD28 to FS-PD-L1-200
(Figure 3d). A 1:1 ratio of FS-a-CD3-CD28 to FS-PD-L1-200
showed no changes in NFAT-luciferase activity, indicating that
a high stoichiometry of FS-PD-L1-200 is required to elicit PD-
1 downregulation of TCR activity in this system. On the other
hand, FS-PD-L1 which contains a single PD-L1 protein,
showed no significant effect on NFAT-luciferase activity even
at high concentrations (Figure S18), suggesting that a high
molar ratio of PD-L1 to TCR-activating antibodies is not
sufficient for PD-L1 mediated inhibition of T-cell signaling.

PD-L1-Flat Sheets Modulate PD-1 Nanocluster Size.
We next sought to investigate the nanoscale distribution of
PD-1 receptors on the cell membrane upon treatment with
PD-L1-flat sheets using stimulated emission depletion (STED)
microscopy. As a cell model for these studies, we generated a
stable Jurkat cell line expressing PD-1 fused with an
intracellular self-labeling protein, SNAP-tag, which allows
covalent attachment of fluorophore-coupled SNAP ligands.
We confirmed PD-1-SNAP expression and PD-1 down-
regulation of IL-2 secretion in these cells (Figure S19).
Consistent with the findings from the NFAT-luciferase assays,
FS-PD-L1-200 stimulation of PD-1-SNAP cells resulted in a
significant decrease in IL-2 gene expression (Figure S20).
These results confirmed that FS-PD-L1-200 tunes TCR
downstream signaling by inhibition of IL-2 expression.

For the STED imaging experiments, we used the same molar
ratios of antibody- and PD-L1-flat sheets as in the NFAT-
luciferase assays (0.5 nM FS-a-CD3-CD28, 5 nM FS-PD-L1-
13, and S nM FS-PD-L1-200) to stimulate PD-1-SNAP cells.
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Figure S. Analysis of PD-1 nanoclusters from STED microscopy data. (a) Point cloud and corresponding cluster density maps.
Representative cluster density maps from each flat sheet condition, with intensity corresponding to the local density of localized clusters
(number of clusters per Gaussian kernel with bandwidth = 200 nm). Scale bar = 3 pm. (b) Example image of k-nearest neighbor analysis for
a cluster of interest (middle blue cross) with the four nearest neighbors (surrounding blue crosses) and the distances d,, between them
(yellow lines). (c) Example image showing cluster size analysis of an individual cluster with a line profile marked and plotted (white circles),
providing a full width at half-maximum (FWHM) of 68 nm from a Lorentzian fit to the data (yellow line). (d—f) Results from respective
analysis; (d) peak intensity distributions from cluster density maps, (e) nearest neighbor distance distributions and (f) cluster size
distributions shown as mean kernel density estimation (solid lines) of the resulting distribution from each cell (N = 24). Corresponding
83.4% confidence intervals of the mean are indicated by shaded areas per condition, FS-PD-L1—13 (orange), FS-PD-L1—-200 (blue) and FS-
a CD3-CD28 (gray). Regions of significant difference between conditions are marked by colored bars (bottom, FS-PD-L1—13/FS-a-CD3-
CD28 (orange/gray), FS-PD-L1—200/FS-a-CD3-CD28 (blue/gray) and FS-PD-L1-13/FS-PD-L1-200 (orange/blue)). N = 24 cells for each
flat sheet condition from 2 glasses from 2 days of experiment (N, = 15, N, = 9 for each condition), a total of 72 cells were analyzed (24 cells
X 3 conditions).

To analyze the PD-1 receptor distribution when it is not the flat sheets to study the distribution of antibody- and PD-
stimulated by PD-L1, cells were stimulated with 0.5 nM FS-a- L1-flat sheets on the glass surface by confocal microscopy
CD3-CD28 and 5 nM FS-empty. We first fluorescently labeled (Figure S21). The negative correlation observed between the
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antibody- and PD-L1-flat sheets confirmed that they did not
overlap each other. We next labeled PD-1-SNAP cells with a
cell membrane-permeable SNAP-Cell 647-SiR substrate and
stimulated them with antibody- and PD-L1-flat sheets. PD-1-
SNAP receptor distribution was imaged by depleting 647-SiR
with a 775 nm depletion beam in a far-red custom-built STED
system, featuring a spatial resolution within the range of 30—50
nm (Figure 4 and Figure S22). When compared with the
corresponding confocal images, PD-1 receptor clusters were
only localizable using STED microscopy (Figure 4ab). To
localize these PD-1 receptor clusters (Figure 4c), we followed
the data preprocessing and localization pipeline as described in
Figure S23. Using the localized cluster coordinates, we
performed three kinds of analyses.

First, we generated cluster density maps through kernel
density estimation of the cluster localization point cloud
(Figure Sa). By analyzing the local cluster densities, we
observed that both FS-PD-L1-13 and FS-PD-L1-200 induced
more areas with higher density of PD-1 clusters as compared to
a more evenly spread PD-1 distribution in FS-a-CD3-CD28
without PD-L1 stimulation (Figure Sd and Figure S24).
Despite displaying a high cell-to-cell variability in the cluster
density maps (Figure $22), FS-PD-L1-13 on average resulted
in more areas with higher PD-1 density (one-sided
Kolmogorov—Smirnov test: FS-PD-L1-13/FS-a-CD3-CD28:
P < 0.0001, FS-PD-L1-13/FS-PD-L1—200: P < 0.001) (Figure
$24).

We next analyzed the nearest neighbor distances between
the PD-1 cluster localizations (Figure Sb and Se). FS-PD-L1-
13 and FS-PD-L1-200 both resulted in distributions of PD-1
clusters that were shifted toward shorter distances as compared
to FS-a-CD3-CD28, with ranges of significant difference
(nonoverlapping confidence intervals) at 134—211 and 131—
233 nm, respectively (Figure Se). The largest differences in
mean probability density appeared at 160 nm (FS-PD-L1-13)
and 155 nm (FS-PD-L1-200). Because of the increased
probability at shorter distances and the fixed k in the analysis,
we additionally saw a significant decrease in the mean
probability density distributions of FS-PD-L1-13 and FS-PD-
L1-200 as compared to FS-a-CD3-CD28 at 412—532 and
431—-511 nm, respectively. Moreover, the maximum cumu-
lative difference in the number of nearest neighbor distances
between FS-PD-L1-200 and FS-a-CD3-CD28 was found at the
crossover point of the two probability density functions at 264
nm, indicating more neighbors were within 264 nm for FS-PD-
L1-200. For FS-PD-L1-13 compared to FS-a-CD3-CD28, the
maximum cumulative difference was found at 237 nm. Overall,
these results indicate that there is a significant effect on nearest
neighbor distances of PD-1 clusters induced by FS-PD-L1-200
and FS-PD-L1-13.

Finally, FS-PD-L1-13 resulted in significant differences in
PD-1 cluster sizes as compared to FS-a-CD3-CD28, with a
clear distribution shift toward larger cluster sizes (>100 nm)
(Figure Sc,f). In contrast, FS-PD-L1-200 induced a cluster size
distribution more like FS-a-CD3-CD28, and the two
conditions were more likely to form smaller PD-1 cluster
sizes (<100 nm) than FS-PD-L1-13. A small subpopulation of
larger PD-1 nanoclusters was also observed in FS-PD-L1-200,
which significantly differed with FS-a-CD3-CD28 at 111—-123
nm (Figure S5f). The maximum cumulative differences
(crossover points) indicate that FS-PD-L1-200 was more
likely to result in PD-1 cluster sizes above 76 nm than FS-a-
CD3-CD28, while FS-PD-L1-13 showed a maximum differ-
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ence at 94 and 103 nm as compared to FS-a-CD3-CD28 and
FS-PD-L1-200, respectively.

Overall, FS-PD-L1-13 and FS-PD-L1-200 resulted in areas
of dense PD-1 clusters of similar cluster—cluster distances. FS-
PD-L1-200 mostly induced formation of smaller PD-1
nanoclusters (50—100 nm), while FS-PD-L1-13 mostly
generated larger PD-1 nanoclusters (>100 nm). The latter
could be triggered by the 13 nm PD-L1 interligand distance on
the flat sheets bringing two PD-1 receptors in proximity, which
is inseparable by STED imaging. Interestingly, FS-PD-L1-200
also triggered a small subset of large PD-1 nanoclusters (~120
nm) which could be caused by the ends of flat sheets meeting
each other, thus bringing multiple PD-L1 proteins in
proximity.

Together, our results indicate that the nanoscale spatial
organization of PD-L1 regulates PD-1-mediated inhibition of
T-cell activation. Interestingly, the nonoverlapping surface
distributions of antibody- and PD-L1-flat sheets (Figure S21)
imply a separation between PD-L1 proteins in FS-PD-L1-200
and CD3/CD28 activating antibodies in FS-a-CD3-CD28 of
at least S0 nm. This suggests that proximity between ligand
bound PD-1 and activating antibody bound-TCR and CD28 is
not a requirement for PD-L1-mediated inhibition of T-cell
activation in this system. Further, we demonstrated that FS-
PD-L1, FS-PD-L1-13, and FS-PD-L1-40 presented PD-L1
proteins to T cells at fixed positions that were not conducive to
inhibition of T-cell activation. This suggests that the nanoscale
organization of PD-L1 proteins can be exploited to prevent
inhibition of T-cell activation, in a manner that is orthogonal to
PD-1 blockade using anti-PD-1 antibodies.

CONCLUSIONS

In this study, we used wireframe DNA origami as a tool to
investigate the effects of the nanoscale spatial organization of
PD-L1 on T-cell activation. We demonstrated that DNA
origami flat sheets with a single PD-L1 protein or two PD-L1
proteins separated by 13 or 40 nm did not cause inhibition of
CD3/CD28-mediated T-cell signaling. In contrast, DNA
origami flat sheets with two PD-L1 proteins separated by
200 nm, and presented at the edges of the nanostructures,
suppressed T-cell signaling. Overall, our results provide
insights into the spatial relationships between PD-1/PD-L1
immune checkpoints and T-cell signaling. These findings can
provide a foundation for rationally designed nanotherapeutic-
based platforms in cancer immunotherapy.*”>°

METHODS

Antibody Conjugation. Mouse anti-human CD3e IgG2a
(OKTS3, eBioscience) and mouse anti-human CD28 IgG1 (CD28.2,
eBioscience) at a concentration of 1 mg/mL were buffer-exchanged to
1x PBS, pH 7.4 using Zeba Spin Desalting columns, 7K MWCO
(ThermoFisher Scientific). DBCO-NHS reagent (Click Chemistry
Tools) was resuspended in N,N-dimethylformamide at 10 mM
concentration. This was added to the antibody mixes at a molar ratio
of 10:1 and incubated on ice for 2 h. The reaction was quenched with
75 mM Tris—HCI, pH 8 on ice for 15 min. Nonreactive DBCO-NHS
esters were removed by buffer-exchange to 1X PBS, pH 7.4 using
Zeba Spin Desalting columns, 7K MWCO. Azide-modified oligos,
Tag 1 and Tag 2 (Table S1) were added to anti-CD3e IgG2a and
CD28 IgGl, respectively, at a molar ratio of 2:1 based on the molarity
of DBCO incorporated. The reactions were then incubated overnight
at 4 °C. The conjugates were added into Amicon Ultra-0.5 centrifugal
filter units with Ultracel-50 membrane (Merck Millipore) coated with
5% Pluronic-F127 (w/v) (ThermoFisher Scientific) and washed 8
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times with 1 X PBS, pH 7.4 (centrifugation 14,000% g, 2 min) to
remove unconjugated oligos. After washing, antibody—oligo con-
jugates were concentrated to about 100 uL volume. Antibody—oligo
conjugate concentrations were determined using the Micro BCA
Protein Assay kit (ThermoFisher Scientific) according to manufac-
turer’s instructions.

PD-L1 Conjugation. Recombinant human PD-L1 His-tag (9049-
B7-100, R&D Systems) was reconstituted with 1 X PBS, pH 6.3
according to manufacturer’s guidelines. The protein was conjugated to
an azide-modified oligo, Tag 3 (Table S1) using bis-sulfone-PEG,-
DBCO compound (Click Chemistry Tools) as previously de-
scribed,’>*> with a molar ratio of 1:2 (molarity of DBCO
incorporated: molarity of oligo). Protein—oligo conjugates were
purified using an Amicon Ultra-0.5 centrifugal filter unit with Ultracel-
30 membrane (Merck Millipore) coated with $% Pluronic-F127 (w/
v) (ThermoFisher Scientific).

Validation of antibody—oligo conjugates and PD-L1-—oligo
conjugates was performed by hybridizing complementary Alexa
Fluor-labeled oligos (Supporting Information Table S2) for 1 h at
37 °C as previously described. Antibody—oligo conjugates (1.3 yM)
were mixed with complementary Alexa Fluor 647—oligos (4 yM) and
PD-L1—oligo conjugates (S uM) were mixed with Alexa Fluor 488—
oligos (2 uM) and the mixes were run on a native 4—20% Mini-
Protean TGX Precast gel (Bio-Rad) in 1 X Tris-glycine buffer at 200
V for 34 min. The gels were imaged with ImageQuant LAS 4010
system (GE Healthcare) with fluorescence transillumination and then
stained using Pierce Silver Stain kit (ThermoFisher Scientific).

Protein Flat Sheet Production. Staple strand sequences for
folding the 3-tessellation flat sheet were described previously.*’ The
216 core staples were obtained from Integrated DNA Technologies at
a concentration of 100 yM in water in three 96-well plates. Staple
mixes for folding each flat sheet design were prepared to a final
concentration of 463 nM based on the pipetting schemes outlined in
Supporting Information Figure S2S with some core staples replaced
by protruding/modified staples (Tables S3 and S4). The flat sheets
were produced as previously described with the following minor
modifications.*® In the folding reactions, the p8064 scaffold (Tilibit)
was mixed at concentration of 20 with 200 nM of staples in 1 X PBS,
pH 7.4. After removal of excess staples with 100 kDa MWCO Amicon
centrifugal filters (Milipore), the concentration of flat sheets was
adjusted to a concentration of 20 nM in 1 X PBS, pH 74.
Hybridization of protein—oligo conjugates was performed as
demonstrated previously,*” in which protein—oligo conjugates were
added at 5-fold (one site) or 10-fold (two sites) molar excess of the
flat sheets. Excess protein—oligo conjugates were removed passing the
samples consecutively through three spin columns packed with 400
UL of Sepharose 6B resin via centrifugation at 800g, for 3 min.

AFM Imaging. After Sepharose purification, protein—DNA flat
sheets were imaged on a disc of mica fastened with epoxy adhesive to
the center of a microscope slide and enclosed by a plastic ring
attached to the slide using repro rubber. The flat sheets were diluted
to 1 nM in TE-Mg buffer (S mM Tris base, 1 mM EDTA, 10 mM
MgCl, pH 8.0), and 10 uL was pipetted onto freshly cleaved mica.
After 30 s, 4 uL of S mM NiSO, was added and incubated for a
further 4.5 min. The surface was then rinsed with 1 mL of 0.1 ym-
filtered TE-Mg buffer after which 1.5 mL of filtered TE-Mg buffer was
added to the mica disk for imaging. Imaging was performed in liquid
using a JPK Instruments NanoWizard 3 Ultra AFM with a Bruker
AC40 cantilever in AC mode.

Immunolabeling and Agarose Gel Electrophoresis for
Characterization of Protein Flat Sheets. Flat sheets hybridized
with anti-CD3 IgG and anti-CD28 IgG (4 uL volume) were mixed
with 40 nM Alexa Fluor 647-conjugated AffiniPure rabbit anti-mouse
IgG, Fcy fragment specific (no. 315-605-008, Jackson ImmunoR-
esearch). Similarly, flat sheets hybridized with PD-L1 were mixed with
Alexa Fluor 488-conjugated anti-PD-L1 antibody (R&D Systems).
The mixes were incubated for 15 min at room temperature before
being loaded onto 2% agarose gels (0.5X TBE, 11 mM MgCl, and 0.5
mg/mL ethidium bromide) and ran at 90 V for 3 h in an ice bath. The
gel was imaged in the ImageQuant LAS 4010 system (GE

3449

Healthcare), using UV, CyS and SYBR Green transillumination.
The final concentration of the protein—DNA flat sheets was
determined by the ratio of gel band intensity before and after
Sepharose purification and calculated using the concentration of flat
sheets prior purification as a reference.

Cell Culture. Jurkat E6-1 (ATCC), PD-1-NFAT luciferase
reporter Jurkat (BPS Bioscience) and PD-1-SNAP-Jurkat cells were
maintained in complete RPMI 1640 supplemented with 10% heat-
inactivated fetal bovine serum (ThermoFisher Scientific). The cell
lines were routinely screened for mycoplasma contamination
(Eurofins Genomics).

Luciferase Reporter Assay. For surface immobilization of
protein flat sheets, 10 pg/mL of biotinylated-BSA (29130, Thermo-
Fisher Scientific) was coated in a 96-well plate for 30 min at 37 °C.
The wells were washed five times with 1 X PBS, pH 7.4 and then
coated with 10 yg/mL streptavidin (21122, ThermoFisher Scientific)
for 30 min at 37 °C. The wells were first coated with either FS-empty
(10.5 nM), FS-a-CD3 (0.5 nM), or FS- FS-a-CD3-CD28 (0.5 nM) in
1X PBS, pH 7.4 for 30 min at 37 °C. After washing five times with
PBS, FS-a-CD3 or FS-a-CD3-CD28-coated wells were either coated
with FS-empty (10 nM), FS-PD-L1 (10 nM), FS-PD-L1-13 (S nM),
FS-PD-L1-40 (5 nM), or FS-PD-L1-200 (S nM) for 30 min at 37 °C.
After incubation, the wells were subjected to five washes of PBS. Wells
precoated with 5§ nM of FS-PD-L1-13, FS-PD-L1-40, and FS-PD-L1-
200 were treated with another coating of S nM FS-empty, to ensure
all wells had a similar level of flat sheet coating. After washing with
PBS, PD-1-NFAT cells were seeded at 3 X 10* cells per well and
incubated for 3 h at 37 °C, 5% CO,. Cells were lysed with 1 X Glo
Lysis buffer (Promega), and luciferase reporter activity was measured
using Bright-Glo Luciferase Assay System (Promega) in a Varioskan
LUX multimode microplate reader.

Statistical Analysis. Statistical significances for Figure 3,
Supporting Information Figure S18, S19c and S20 were evaluated
by one-way ANOVA and Tukey multiple pairwise comparison with R
package ggplot2.>" The number of biological repeats was N = 3, unless
otherwise stated. Shapiro-Wilk and Levene’s tests were employed to
check for violations of normality and homogeneity of variances.
Statistical significance for the mean cell distributions in Figure 5d-f
was evaluated comparing the confidence intervals, extracted as
explained under “STED image pre-processing and cluster local-
ization”. Nonoverlapping confidence intervals correspond to a
significant difference in a 95% Student’s t test (p < 0.05), while
overlapping confidence intervals similarly correspond to no significant
difference. Statistical significance for the pooled distributions in
Figure S24, based on data presented in Figure Sd in the Results
section, was evaluated with one-sided two-sample Kolmogorov—
Smirnov tests, testing the hypothesis that distribution A is bigger than
distribution B.

Sample Preparation for STED Microscopy. Unless otherwise
stated, incubations were performed at room temperature. Round
cover glasses (18 mm, 1.SH) were cleaned with acetone and
isopropanol and dried with N, gas. Each cover glass was placed on
a parafilm containing a drop (120 L) of 1 mg/mL biotinylated-BSA
(ThermoFisher Scientific) for S min to allow adsorption to the glass
surface. Cover glasses were then washed twice in 1 X PBS and coated
with 0.5 mg/mL streptavidin (ThermoFisher Scientific) in the same
manner. After washing twice in 1 X PBS, each cover glass was
incubated with a drop of FS-a-CD3-CD28 (0.5 nM) for 10 min. The
coated cover glasses were washed twice and then incubated with 5 nM
of either FS-empty, FS-PD-L1—13 or FS-PD-L1—-200. PD-1-SNAP
cells were labeled with S yuM SNAP-Cell-647-SiR (New England
Biolabs) according to manufacturer’s instructions at 37 °C for 30 min
with gentle mixing at 300 rpm. The labeled cells were stimulated on
the flat sheet-coated coverslips in a 12 -well plate for 10 min and then
fixed with 4% paraformaldehyde in 1 X PBS for 20 min. The cover
glasses were carefully washed three times in PBS before mounting in
Mowiol mounting media.

STED Microscopy Setup and Imaging. The STED microscopy
imaging was performed with a custom-built STED setlglg) operating in

the far-red wavelength regime as previously described.”” The 647-SiR
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dye was excited with a 640 nm pulsed diode laser (LDH-D-C-640,
PicoQuant) and subsequently depleted with a 775 nm pulsed laser
(KATANA 08 HP, OneFive), both operating at 40 MHz. A HC PL
APO 100x/1.40 Oil STED White objective lens (15506378, Leica
Microsystems) was used, through which the fluorescence signal was
collected and detected through a bandpass filter (GT670/40m,
Chroma Technology) and a notch filter (NFO3—785E-2S, Semrock)
with a free-space APD (SPCM-AQRH-13-TR, Excelitas Technolo-
gies). The setup includes a focus lock to ensure a constant focal plane
is held throughout the image. The setup is controlled with Tempesta,
a custom-written open-source microscope control software in Python
(https://github,com/jonatanalvelid/Tempesta—RedSTED).

The STED imaging was done with a 640 nm excitation laser power
of 10.3—12.8 yW and a 775 nm depletion laser power of 76.2 mW,
both measured at the first conjugate back focal plane of the objective.
The pixel size for all STED images was set to 20—25 nm. Each image
was acquired by adding up 4-line scans for each line, each with a pixel
dwell time of 15—20 ps, resulting in a total pixel dwell time of 60—80
us. The focus lock was used, ensuring imaging of the surface-
contacting cell membrane plane of the cells. All STED images shown
and used for image analysis were raw data. To aid visualization, we
applied a Gaussian smoothing with 10 nm radius in STED images.

STED Image Preprocessing and Cluster Localization. The
image analysis on the PD-1 receptor STED image data was performed
through a custom-written pipeline in Python (https://github.com/
jonatanalvelid/ImmunocellReceptorAnalysis). First, common prepro-
cessing and cluster localization were performed. The cluster
coordinates were subsequently used to analyze (1) the local cluster
density throughout the cell through a kernel density estimate (KDE)
map, (2) the nearest neighbor distances for each cluster through a k-
nearest neighbor algorithm, and (3) the cluster sizes through line
profile tracing and fitting with Lorentzian functions.

The image preprocessing was performed by starting with a
binarization of the raw image. The out-of-the-cell background was
removed through a multiplication of the raw image with the binary
cell map. Second, a difference of Gaussians filter (61 = 0 nm, 62 = 100
nm) was performed using the implementation in the scikit-image
package.”® Any negative values were changed to 0, and a Gaussian
smoothing with ¢ = 15 nm was performed. To ensure similar intensity
ranges in data sets with varied acquisition settings, an image
standardization step was performed by diving pixel counts with the
sum of the mean and standard deviation of the cell. Finally, clusters
were detected by using the local peak detection implementation from
the scikit-image package. To minimize false positive peak detections, a
global peak intensity threshold was used and separately set for each
day of the experiment. Detected peaks in adjacent pixels were merged
to avoid multiple localizations from the same cluster.

Cluster Analysis. Local cluster density analysis was performed by
fitting 2D KDE maps from the point clouds of cluster localizations,
using the implementation in scikit-learn package.”* We used a
Gaussian kernel with a bandwidth of 200 nm. The shown intensity is
the kernel-weighted number of clusters present around each pixel.
The 2D KDE maps were then analyzed by detecting the peaks using
the local peak detection from the scikit-image package. The intensity
from each peak was then extracted, building up a distribution of
density peak intensities for each cell.

Nearest neighbor analysis was performed as a k-nearest neighbor
analysis, with k = 4 (excluding self), using the implementation in
scikit-learn package. For each cell, a distribution containing four
nearest neighbor distances per cluster was extracted. k = 4 was chosen
to ensure the inclusion of nearly all clusters inside a radius of ~200
nm from each cluster, while excluding nearly all clusters further away
than ~800 nm.

Cluster size analysis was performed through line profile fitting of
four 400 nm long line profiles (0°, 45°, 90°, 135°) per localized
cluster. The full width at half-maximum (FWHM) was extracted from
a Lorentzian fit if the R? value of the fitting was higher than a
threshold (0.9). The minimum extracted value was taken as the
cluster FWHM. For each cell, a distribution containing these cluster
FWHM values was extracted.
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The results from each of the three analyses were presented as the
mean kernel density estimation of the individual kernel density
estimations of the distributions from each cell. The 83.4% confidence
interval for the mean was calculated using the implementation in the

: 55 . .
scipy package.” Graphs were prepared using the matplotlib
package.*®
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