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Reporting lymphocyte surface protein abundance
with dSTORM: T cell exhaustion markers

SUMMARY

ONI's Nanoimager and accompanying software tools, including
cloud-based CODI, offer a versatile platform to detect, quantify,
and report the nanoscale organization of lymphocyte surface
proteins using multicolor dSTORM.

The Nanoimager and Discovery Kit™: dSTORM in cells enables:

®  Detection of ultra low-density surface antigen

®  Quantification of protein densities at the lymphocyte
surface

®  \Vjsualization of surface protein organization with 20 nm
resolution

®  Characterization of protein cluster features

®  Reporting of cellular phenotypes through surface profiling

INTRODUCTION

Human immunity is predominantly built on a complex system of cell-
cell interactions determined by the expression of cell-surface proteins
by lymphocytes and other immune cells. It is increasingly evident that
precise measurement of immune-cell surface proteins is critical for
research into the human immune system, and the development of
targeted immunotherapies such as chimeric antigen receptor (CAR)-T
therapy and other forms of adoptive cell transfer (ACT).

In particular, detection of very low-abundance proteins is becoming
a key interest, as these molecules may have highly potent effector
functions despite their low density, and/or report cellular phenotypes
at a very early stage. For example, T cell exhaustion through chronic
stimulation in vivo or in vitro is a major determinant in the efficacy
of T cell-based ACT therapies. It is, however, detectable only as a
function of multiple biomarkers in combination, many with either
absolutely low or only subtly increased expression during the first
stages of exhaustion.

High-sensitivity detection of inhibitory receptors such as PDT,
CTLA-4, LAG3, and TIM3 allows the emergence of exhaustion to be
reported earlier, potentially allowing the phenotype to be rescued.
Similar benefits of high-sensitivity biomarker profiling are found
across many areas of lymphocyte biology; from the characterization
of cells to functional studies of natural and engineered receptors.
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CHALLENGES

Conventional methods for cellular biomarker detection, such as flow
cytometry, are typically limited in both their sensitivity and precision.
These frequently require thousands of copies of a molecule per
cell, and have modest correlation between signal strength and true
target density. More sensitive and quantitative approaches do exist,
however, they typically do not report results at the single-cell level (e.g.,
ELISA, quantitative proteomics etc.). While single-cell transcriptomics
methods (e.g., scRNAseq) offer some potential to derive such data,
their relatively shallow read depth and the lack of absolute correlation
between transcript copy numbers and protein copy numbers mean that
interpretation is still complicated.

Direct stochastic optical reconstruction microscopy (dSTORM) operates
through the sequential detection and localization of individual
molecules and is, therefore, ideally suited to the measurement of
biomarker density with both high sensitivity and precision. For example,
dSTORM has been used to report the presence of CD19 and CD20
on the surface of myeloma cells with 3-log greater sensitivity than flow
cytometry'. This is on top of the nanoscale spatial information inherently
generated by dSTORM, meaning that both ultrasensitive biomarker
detection and spatial characterization can be performed with a single
technique.

METHODS

Primary human T cells were stimulated in vitro for 3, 7, or 11 days using
anti-CD3, anti-CD28 Dynabeads at a 1:1 ratio, then cultured without
beads for 3 days prior to sample preparation, always with 100 U/mL
IL-2. On the day of preparation, cells were captured onto an imaging-
compatible surface using the ONI Lymphocyte Sample Preparation
Kit™ and fixed using the ONI Discovery Kit™ for dSTORM in Cells with
Strong Fixative (STORM DISC-S), using paraformaldehyde (PFA)
supplemented with glutaraldehyde. Cells were washed, quenched,
and blocked using the relevant reagents within the Discovery Kit:
dSTORM in Cells. Target probing was performed with an overnight
incubation at 4°C with primary mouse anti-hPD1 and rabbit anti-hLAG3,
followed by washing and incubation for 1 h at room temperature with
anti-mouse and anti-rabbit secondary F(ab')2 probes fluorescently
conjugated with AZ647 and CF583R, respectively. Samples stained
with irrelevant isotype control primary antibodies were included for
background calculation. Finally, cells were thoroughly washed and
post-fixed with PFA, then mounted in ONI's BCubed imaging buffer
for dSTORM imaging. Images were collected on the Nanoimager, 3,000
frames of 30 ms for each of the AZ647 and CF583R channels.
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RESULTS

In these experiments, the abundance of two inhibitory receptors (PD1
and LAG3) was measured on the surface of primary human T cells
using dSTORM. Total CD3+ cells were isolated from a healthy donor
and stimulated for either 3, 7, or 11 days using anti-CD3, anti-CD28
beads. Following stimulation, cells were rested in culture for 3 days
for acute activation marker expression to subside, allowing better
discrimination of exhaustion-linked expression. Ahead of imaging,
cells were prepared using the ONI Discovery Kit™: dSTORM in Cells,
such that PD1 and LAG3 could be imaged in separate channels by
dSTORM. >100 cells were imaged for each condition using the
Nanoimager, as were isotype control samples that allowed the extent
of non-specific binding to be determined. Quantification of these
data was performed using ONI's CODI cloud-based analysis software,
wherein individual cells were segmented within the larger image, and
the density of localizations in the PD1 and LAG3 channels obtained.
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Figure 1| A) Example overlay of dSTORM and brightfield (BF)images for T cells probed
for PD1 and LAG3. B) Schematic representation of the experimental set up used,
highlighting the key proteins involved (inset, bottom). C) Quantification of PD1 (left)

and LAG3 (right) localization densities within the indicated segmented single-cell areas.
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Activation of T cells through the T cell receptor (TCR) and various co-
stimulatory receptors induces acute expression of activation-related
surface proteins, including PD1 and LAG3, which normally subsides
quickly upon removal of activatory stimuli?®. Chronic activation
over a period of weeks or months, however, leads to an exhausted
phenotype characterized by persistent expression of inhibitory
receptors such as PD1 and LAG3 as well a marked reduction
in proliferation and activity. Emergence of a robust exhausted
population is typically reported after several weeks of stimulation?,
however some characteristics of exhaustion have been observed as
early as a few hours post-activation®.

The durations of stimulation used in this experiment are shorter than
would be expected to induce robust exhaustion, instead more likely
to generate partially or pre-exhausted cells. Nonetheless, a clear
increase in surface staining for both markers was observed in the 11
day stimulation condition compared to the shortertimepoints (Figure
2A). PD1 density was greatest following 11 day stimulation, however
even the modest increase in stimulation from 3 to 7 days yielded a
small but reproducible increase in average PD1 density (Figure 2B).
LAG3 density was also observed to increase substantially following
11 day stimulation (Figure 2B). Interestingly, some cells stimulated
for 3 days exhibited greater LAG3 density than those stimulated for
7 days, which may be due to a pre-existing LAG3+ population in the
original donor pool that was then outgrown over time in the later
conditions.

Even though these increases in PD1/LAG3 density were small in
absolute terms, they can be treated with confidence due to the
low nonspecific background obtained using the ONI Discovery
Kit™. In order to define a confidence limit for true target positivity,
density thresholds were set to three standard deviations above
the background-corrected values (6 and 10/um? for PD1 and
LAG3, respectively), and cells exhibiting densities above this were
considered true positives. This analysis revealed unambiguously that
following 11 day stimulation the vast majority of cells were positive
for both PD1 and LAG3, and only a very small proportion remained
negative for both markers (Figure 2C). It also demonstrated that
although the increase in PD1 expression between 3 and 7 days was
small in absolute terms, it was nonetheless a true population shift,
with over 85% of cells being PD1+ after 7 day stimulation. Despite
the LAG3+ population, the 3 day stimulation sample exhibited
the greatest fraction of PD1-LAG3- double-negative cells, again
emphasizing the activation-dependence of persistent expression of
both markers.

Overall, these data indicate that although T cells stimulated for this
duration would not typically be considered fully exhausted, subtle
increases in persistent exhaustion marker expression are detectable
using dSTORM, and that after 11 days of stimulation almost all
cells exhibited above-background levels of both PD1 and LAG3
expression.
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Figure 2| Quantification of PD1 and LAG3
surface density as a function of simulation
time. A) Representative example overlays
of full 50 x 80 ym dSTORM and BF
acquisitions for each sample. B) Normalized

47.6%
frequency histograms of PD1 (top) and 0 50 100 150 200

PD1 |ocalizations/pm®

LAG3 (bottom) density per cell for each
duration of stimulation (n > 100 for each
condition). Localization numbers represent 11 day stimulation
raw counts minus counts obtained for
isotype controls (typically ~0.5-2/pm). C)

Two-dimensional plots of PD1 vs LAG3

density for each timepoint. Each data

point indicates a single cell. Broken lines i

indicate the positivity thresholds for each _é

channel. Percentage values indicate the b

total fraction of cells in each population =

(PD1-LAG3-, PD1+LAG-, PD1-LAG3+,and %

PD1+LAG3+). 26% PD1 lacalizations/um?

Beyond simple density determination, these data also allow the
measurement of key characteristics relating to protein organization. To
demonstrate this, localizations for both proteins were analyzed using
ONlI's CODI cloud-based platform, wherein they were grouped into
clusters according to their spatial distribution. CODI was then able to
output a wide range of parameters relating to each cluster (Figure 3A).
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For example, both PD1 and LAG3 exhibited a comparable number
of localizations within each cluster, however LAG had a greater
frequency of clusters with larger total areas (>20,000 nm?), meaning
that on average LAG clusters were of lower density (Figure 3B).

CODl is also able to report cross-channel association by measuring
the number of localizations in opposing channels within a set radius
of the clustered channel. Here, the majority of LAG3 clusters were
within 120 nm of at least 5 PD1 localizations, whereas very few PD1
clusters were within the same distance of any LAG3 localizations
(Figure 3C). Both PD1 and LAG3 exert inhibitory effects in part
through spatially limited mechanisms (in the case of PD1 through
molecular reach of its intracellular domain®, and of LAG3 by local
acidification of the surrounding cytosol”), meaning that here LAG3
is more likely to be located in an area of PD1 activity than vice versa.
In the case of mutually affecting proteins (e.g. TCR & PD1, CD28
& CTLA-4 etc.) having information regarding their relative spatial
organization therefore allows a deeper understanding of the likely
outcomes of their combined activity.
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Figure 3| Characterization and quantification of PD1 and LAG3 spatial organization.
A) Example two-color dSTORM image (left, top), associated identified PD1 clusters
(left, bottom), and zoomed examples of PD1/LAG3 localization and clusters (right).
Cluster coloring is random. B) Number of localizations within each PD1/LAG3 cluster
(top), and total area of each cluster (bottom). C) Two example LAG3 clusters and
the 120 nm radius used for local PD1 counting (left), and number of opposing

channel localizations within each cluster’s counting radius (right).
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In this study, early persistent expression of PD1 and LAG3 was
detected in a manner dependent on the duration of T cell
stimulation. Substantial increases in both markers were reported
even at stimulation lengths not sufficient for robust cell exhaustion.
Finally, characteristics of nanoscale clusters and their respective
organizations were also obtained.

SOLUTION WITH THE DISCOVERY KIT AND NANOIMAGER

The Nanoimager, in combination with CODI and the ONI Discovery
Kit™ for dSTORM in Cells, is able to report the density and
nanoscale organization of surface proteins on T cells and other
lymphocytes. This allows the profiling of cellular status, such as
exhausted phenotypes, with increased sensitivity over alternative
methods. It also gives insights into the molecular interplay of these
proteins and their effector functions at the lymphocyte surface that
are beyond the limits of conventional imaging methods.
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