


Automated staining procedure produces high-quality PCF imaging for a high-plex spatial

immunophenotyping panel

To demonstrate comprehensive spatial phenotyping and
characterization of the tissue microenvironment, the 27
high-plex panel was automatically applied to two human
FFPE tonsil tissues mounted on the same slide. PCF
imaging consisted of three antibodies per cycle for nine
cycles.

Subsets of the 27-plex panel visualize the epithelium and
vasculature of the tonsil (Figure 6). Equivalent staining
quality across both tissues indicates uniform staining with
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the multiplexed assay (Figure 6A). Epithelial invaginations
(Figure 6B) visualized by markers PCK and E-cadherin
delineate expected tonsillar crypts that arise in response
to antigens. In further magnifications of similar regions
(Figure 6C), vasculature components Caveolin-1, CD31,
and smooth muscle actin (aSMA) are clearly visible,
collectively illustrating the demarcation of vasculature
and epithelial components at single-cell resolution
(Figure 6D).

Figure 6. Whole-slide imaging of the automated staining protocol reveals epithelial and vasculature contexture. PCF imaging of FFPE human
tonsil tissues autostained with aSMA (yellow), PCK (pink), E-cadherin (white), Caveolin-1 (red), and CD31 (cyan). (A) Overall slide with two tonsil
specimens, (B) top tonsil with white boxes indicating (C) four magnified regions, and (D) Region 4 displaying clear differentiation of the vasculature

and epithelium.

Multiplexed T-cell and NK cell contextures are presented
in Figure 7. T-cell and NK cell-rich zones bordering
tonsillar germinal centers are clearly distinguished in the
four magnified regions (Figure 7BC). Localization and
differentiation of CD4+ follicular helper T cells (Th), CD8+
cytotoxic T cells (Tc), and natural killer cells (NK) are

evident with the auto-stained, multiplexed PCF imaging
(Figure 7D). Furthermore, spatial regions containing
higher levels of the immune checkpoint marker PD1, such
as Region 1, can be distinguished from less abundant PD1
regions, such as Region 2.



Figure 7. Whole-slide imaging of the automated staining protocol reveals lymphocyte contexture. PCF imaging of FFPE human tonsil tissues
autostained with CD8 (magenta), CD4 (red), CD3e (green), PD1 (cyan), and CD57 (blue). (A) overall slide with two tonsil specimens, (B) top tonsil with
white boxes indicating (C) four magnified regions labeled 1-4, and (D) Region 1 with spatial compartmentalization of cytotoxic CD8+ T cells (Tc),

helper CD4+ T cells (Th) and natural killer cells (NK) indicated.

Multiplex imaging also elucidated myeloid cell spatial
distribution (Figure 8AB). Dendritic cells (DCs) expressing
CD11c were distinguished from macrophages, either
M2-like macrophages expressing CD206 or CD68+/PDL1+
double-positive macrophages within human tonsil tissue
(Figure 8CD). PDL1 expression is localized to epithelial

regions and CD68+ macrophages. Taken together with
the lymphocyte results, automated staining yields quality
PCF imaging with potential utility in streamlining
workflows in cancer immunotherapy and other
applications that depend on spatial topography.

Figure 8. Whole-slide imaging of the automated staining protocol reveals myeloid cell contexture. PCF imaging of FFPE human tonsil tissues
autostained with CD11c (yellow), CD206 (magenta), CD68 (white), and PDL1 (cyan). (A) overall slide with two tonsil specimens, (B) bottom tonsil with
white boxes indicating (C) four magnified regopms labeled 1-4, and (D) Region 1 with spatial compartmentalization of M2 macrophages,
double-positive CD68+/PDL1 macrophage, and dendritic cells (DCs) indicated.



A subset of markers from the 18-plex panel was chosen
to visualize the tonsil structure and immune cell spatial
distribution (Figure 9). The overall imaging (Figure 9A)
and magnified region (Figure 9BC) clearly indicate
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epithelium (PCK and E-Cadherin) and vasculature (CD31),
as well as the distribution of B-cells (CD20), T-cells
(CD3e), NK cells (CD57), and macrophages (CD68) within
the tissue.
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Figure 9. Whole-slide imaging of automated high-plex panel staining. (A) PCF imaging of FFPE human tonsil tissues (bottom tonsil shown) with
a subset of markers visualized: PCK (magenta), E-cadherin (cyan), CD20 (blue), CD3e (red), CD57 (green), CD68 (white) and CD31 (yellow). The
white box indicates the (B) magnified region displaying the seven markers, visualized individually in (C).

Automated H&E morphology staining after PCF imaging

The confirmation of structural topography with
histological H&E staining is often accomplished after
high-plex proteomic PCF imaging. PCF Flowcells are
removed by incubating in xylene for 3-16 hours (here, 3
hours were sufficient). The capillary gap flowcell is then
reassembled and placed in the PSS, and an H&E protocol
is selected. Automated H&E staining yielded high-quality

morphological imaging that corresponds well with the
high-plex PCF imaging, revealing the expected tonsillar
crypts, lymph nodules, connective tissue, and the
germinal center (Figure 10). Thus, routine histology
staining accompanying PCF imaging can also be
automated on the PSS.
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Figure 10. Hematoxylin and eosin (H&E) morphology staining automation on the PSS after PCF imaging. FFPE human tonsil tissue was imaged
on (A) PCF with a subset of markers visualized: PCK (green), CD20 (blue), CD3e (red), CD31 (yellow), CD8 (magenta), and CD206 (cyan). (B)
Hematoxylin (pink) and eosin (purple) autostaining on the PSS after PCF and removal of the Flowcell. Major tonsillar features are indicated; the
white box denotes the (C) magnified region.




Operator time savings with PSS automation

We have described the PCF antibody and H&E staining
workflow automation; however, the PSS can also
automate deparaffinization, epitope retrieval, and
reporter plate preparation. As described in the PCF STAR
methods publication, the entire sample preparation
workflow requires ~20 hours, which includes an overnight
4°C antibody incubation.* Much of the remaining ~8 hours
requires precise hands-on timing on behalf of the
researcher and, thus, additional planning to account for
the individual steps and timing of the overnight
incubation.

With automation, hands-on time is minimized to 3
primary interventions totaling 30-40 minutes:
application of CoverPads to the specimen slides,
assembly of the S12 module with slides, and choosing
assay parameters using the touchscreen (Table 2). The
researcher does not need to be present for the rest of
the assay time (i.e, walkaway time) and can plan
accordingly for additional overnight runs or room-
temperature incubations that reduce the overall assay
time. Furthermore, eliminating the need for manual
pipetting and parafilm application substantially reduces
the requirement for human intervention and thus
reduces assay variability.

Table 2. Time savings and reductions in error potential associated with automating the PCF staining protocol.

Manual Protocol Spatial Station Automation

Step Average Level of human Observation and Step Average Level of human Observation and
Manual time intervention outcome Manual time intervention outcome
1 2-3 hours High Inconsistent between 1 20-30 mins Low to none rs;g:;igrb[:sgrl\tj'
— - researchers/labs. AT — reproduceable.
2 3-4 hours Very High Varies between 2 20-30 mins Very low rs;g:;ig[)?eu?:?e'
4 researchers. A reproduceéble.
3 1 hour High Varies between 3 20-30 mins  Low to none Consistent, high
— e h — —mm  accuracy, and
A researchers. A reproducibility.
4 1 hour High Varies between 4 10 mins Very low gggj:ieng:égh
- == researchers. - e Y

reproducibility.

Conclusions

In this report, we automated the specimen staining
protocol for PCF imaging and validated the resulting
method. Antibody staining on the PSS is robust and
reliable, as evident by the absence of signal loss that
would result from inconsistent fixation. The technique
yields uniform slide staining with two specimens and
equivalent, if not better, staining quality than the manual
protocol. The automated application of a high-plex panel
exploring tissue spatial structure and
phenotyping demonstrates the method's

immuno-
utility

for spatial biology applications. Removal of the PCF
Flowcell and subsequent automated H&E staining
further validate morphology quality control as part of the
workflow. End-to-end automation of sample processing
using the baking, dewaxing, and epitope retrieval
functionality of the PSS (and Omni-Stainer) can also be
accomplished, providing a standardized PCF pre-
imaging workflow that reduces operator hands-on time
and variability.
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Figure S1. Individual antibody images of tonsil regions comparing Manual and PSS-Auto staining protocols. The Phenocycler antibody-reporter
conjugates for each stain are indicated for samples processed manually (salmon) or automated on the PSS (blue). See Figure 4 for the magnified
region location.

DAPI CD3e-BX045- CD4-BX003- CD11c-BX035-R PCK-BX019- CD20-BX007- CD31-BX001-
OVERVIEW RX045AF647 RX003AF647 X035ATTO550 RX019AF750 RX007AF750 RX001AF750
CD45-BX021- CD57-BX024- CD68-BX015- HLA-A-BX004- Ki67-BX047-R Caveolin-1-BX08
RX021AF647 RX024AF647 RX015AF647 RX004AF750 X047ATTO550 6-RX086AF750

Figure S2. Overall PSS-Auto antibody images of two tonsil specimens on a single slide. The Phenocycler antibody-reporter conjugates for each
stain are indicated for samples processed on the PSS. See Figure 5 for magnified region images.



Supplementary Table 1. List of 15-panel antibodies, barcodes, Supplementary Table 2. List of 27-panel antibodies, barcodes,

and reporters used in the PSS automation validation. and reporters used in the PSS automation validation.
1 Blank 1 Blank
Blank Blank
Blank Blank
2 CD8a BX026 ATTO550 2 CD8a BX026 ATTO550
CD68 BXo15 AF647 CD68 BXo15 AF647
CD2o BXo007 AF750 CD2o BXo07 AF750
3 CD45RO BXo17 ATTO550 3 CD45RO BXo17 ATTO550
CD206 BX006 AF647 CD206 BX006 AF647
CD31 BXoo1 AF750 CD31 BXoo01 AF750
4 CD14 BX037 ATTO550 4 CD14 BX037 ATTO550
PDL1 BX067 AF647 PDL1 BX067 AF647
NaKATP BX013 AF750 aSMA BX013 AF750
5 CD11b BXo002 ATTO550 5 CD11c BX035 ATTO550
CD3e BXo045 AF647 CD3e BX045 AF647
b-actin BX117 AF750 b-actin BX117 AF750
6 Ki67 BXo047 ATTO550 6 ICOS BX054 ATTO550
CD45 BXo021 AF647 PD1 BX046 AF647
PCK BXo19 AF750 Vimentin BX022 AF750
7 Blank 7 E-cadherin BX014 ATTO550
Blank Foxp3 BX031 AF647
Blank Caveolin-1 BX086 AF750
8 CD15 BXo023 ATTO550
CD4 BX003 AF647
HLA-A BX004 AF750
9 GranzB BX041 ATTO550
CDs7 BX024 AF647
CD790A BXogo AF750
10 Ki67 BX047 ATTO550
CD45 BX021 RX021AF647
PCK BXo19 AF750
11 Blank
Blank
Blank
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