
Differential cell-type fraction within areas in HPV+ and HPV− tumors
•	 We observed a higher abundance of T cells (CD8+, CD4+ and CD4+ Tregs) and B cells in 

the tumor invasive margin of HPV+ tumors. Interestingly, all of these cell types were 

also more abundant in the adjacent TME, except for CD4+ Tregs that were also abundant in 

the HPV− tumors

•	 HPV− tumors demonstrated higher fractions of stromal cells (fibroblast, myofibroblasts, and 
endothelial cells) across the tumor invasive margin and TME, as well as a higher fraction of 

macrophages in the TME
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Background
•	 Head and neck squamous cell carcinoma (HNSCC) is an aggressive, biologically 

heterogeneous disease that can arise in the oral cavity, oropharynx, hypopharynx, 

and larynx

	— Seventh most common cancer globally (roughly 4.5% of all cancer diagnoses 

around the world) 

	— Estimated 890,000 new cases and 450,000 deaths per year 

•	 Human papillomavirus (HPV) is a major risk factor for HNSCC development and 

HPV status correlates with prognosis and aids in the selection of optimal therapy 

•	 While HPV-positive (HPV+) HNSCC patients have a better prognosis, compared 

with HPV-negative (HPV−), the mechanism underlying this improvement is 
unknown 

Objective
•	 To employ a deep learning multiplex immunofluorescence (mIF) pipeline to assess 

cellular and spatial differences between HPV− and HPV+ HNSCC tumors

Conclusions

•	 Deep spatial analysis unveiled significant 

differences in the tumor microenvironment of  HPV+ 

and HPV- HNSCC tumors 

•	 Enrichment of lymphocytic infiltrates with elevated 

expression of inhibitory immune checkpoints in 

the tumor and TME of HPV+ patients, suggests 

potential benefits from immune checkpoint 

combinations 

•	 Conversely, HPV− patients exhibited a higher 
proportion of stromal and suppressive myeloid 

cells in their TME, indicating potential benefits from 

targeting these cell types
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Figure 1. PhenoCyclerTM-Fusion Workflow and Antibody Panel

1. Single-step Staining

2. Reveal-Image-Remove Cycles

Antibody 

panel

Tissue
Stain

Image

Reveal

Cycles

automated

Remove

Cycle 1 Cycle 2 .... Cycle 17

Immune Core Panel

CD4 Helper T cells

CD68 Macrophages

CD20 B cells

CD11c Dendritic cells

CD8 Cytotoxic T cells

HLA-DR APCs (MHC II)

CD3e T cells

CD44 Activated T cells

CD45 Immune cells

HLA-A  MHC I

CD14 Monocytes

Ki67 Proliferating cells

PanCK Tumor cells

CD57 NK cells

CD45RO Memory T cells

Custom Markers

C1Qa Neutrophil activation

MPO Neutrophils

Structural Markers

E-cadherin Epithelial cells

SMA
Vascular,  

muscle

Vimentin Cytostructure

Collagen IV Extracellular matrix

CD34 Vascular

CD31 Vascular

Podoplanin Lymphatics

fibroblast, smooth

Advanced Immune Module

CD163 M2 macrophages

CD19 B cells, FDCs

Foxp3 Regulatory T cells

Granzyme B
Activated T cells/   

NK cells

CD21 FDCs

PAX 5 B cells

CD38
NK cells, dendritic, 

B/T cells

CD79a B cells

Immune Activation Module

PD-1 Checkpoint receptor

PD-L1 Checkpoint ligand

ICOS
Checkpoint  

receptor

LAG3 Checkpoint  
receptor

IDO1
Multifunctional/ 

Immune inhibitory

A B

....

(A) Steps outlined showcasing the staining and imaging workflow. (B) Composition of the 37-plex antibody panel.

Figure 2. Deep-Learning-Based Image Analysis Workflow
B. Cell Segmentation C. Cell Typing D. Cell State Phenotyping
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Figure 3. High-Resolution Imaging of Biomarkers on HNSCC Tumors 
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Representative (A) composite image and (B) single-channel images from a HPV+ HNSCC sample depicting eight key immune and tumor biomarkers.

Performance evaluation of cell typing 
•	 Utilizing marker positivity prediction, 14 distinct cell types were identified based on known 

lineage marker expression 

•	 Performance evaluation in manual annotations demonstrated balanced accuracy 

above 85% in 13/14 cell types and a F1-score above 75% in 12/14 cell types (Figure 4)

Figure 4. Cell-Typing Model Performance
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(A) Cell-typing performance evaluation against manual cell-type annotations. (B) Representative image demonstrating cell-type identification within the tissue.

Results

•	 Employing a deep learning mIF analysis pipeline (Figure 2), cells were segmented, 

and marker positivity was determined by a deep learning-based classifier 

•	 For area segmentation, we employed a deep learning-based area model transferred from the 

corresponding H&E image. Each slide was segmented into tumor and stromal areas:

	— Tumor core
	— Tumor invasive margin (the outer 60 µm rim of the tumor)

	— Adjacent tumor microenvironment (60 µm rim from the tumor-stroma border)

	— Outer tumor microenvironment (60-500 µm rim from the tumor-stroma border)

•	 Tertiary lymphoid structures were identified based on T-cell and B-cell aggregates with CD21+

•	 Spatial features were calculated based on area assignment, cell types and phenotypic markers

•	 Cell distribution between areas and differential expression of spatial features were compared 

using Mann-Whitney U test between HPV+ and HPV− samples

Figure 7. Spatially Resolved Immune Cell Interactions in HPV+ and HPV−  
HNSCC Tumors

CD45+ in aTME

0.25

−50 0

PC1

F
ra

c
ti

o
n

50 100

0.50

0.75
R = 0.92
p < 0.0001

Fibroblasts in oTME

0.0
−50

0.1

0.2

0

PC1

F
ra

c
ti

o
n

50 100

0.3

0.4 R = −0.81
p = 0.0001

−0.25

−0.25 0.00

PC1 (23.3%)

P
C

2
 (

1
1
.4

9
%

)

0.25 0.50

0.00

0.25

0.50

HPV+
HPV−

A B

C

−50

HPV+ HPV−

P
C

1

0

50

100
***

CD31+CD79a+ Plasma 

Cells  in oTME

0.01

HPV+

0.00

HPV−

F
ra

c
ti

o
n

0.02

0.03

0.04

**

IDO1+ Tumor Cell 

Interactions With

HLA-A+ CD8+ T Cells in TIM

0.000

F
ra

c
ti

o
n

0.025

0.050

0.075

0.100

HPV+ HPV−

***

CD44+ B Cell Interactions With

CD45RO+ CD4+ T Cells 

in aTME

0.00

F
ra

c
ti

o
n

0.05

0.10

0.15

HPV+ HPV−

***

CD44+ Tumor Cell 

in TIM

0.2

HPV+
0.0

HPV−

F
ra

c
ti

o
n

0.4

0.6

0.8
**

Tumor Cell Interactions With

Macrophages in TC

0.1

HPV+
0.0

HPV−

F
ra

c
ti

o
n

0.2

0.3

*

(A) Principal component analysis demonstrates separability between HPV+ and HPV− tumor across PC1. (B) PC1 is highly correlated with CD45 positivity 
in the TME and inversely correlated with fibroblast abundance. (C) Top complex spatial features that differentiate between HPV+ and HPV− tumors.

Spatial analysis reveals differential immune cell interactions in HPV+ and 
HPV− HNSCC tumors

•	 For an extended spatial analysis we performed PCA to identify the main sources of variability in 

the cohort. Interestingly, PC1 strongly separated between HPV+ and HPV− tumors (Figure 7A–B)

•	 PC1 was highly correlated with CD45 positivity in the TME and inversely correlated to fibroblasts 

abundance

•	 Differentially expressed spatial features analysis identified CD44+ B cells interactions with  

CD45RO+ CD4 T cells, IDO1+ tumor cells interactions with HLA-A+ CD8 T cells and double  

positivity of plasma cells to CD79a and CD31 as the main upregulated features in HPV+ 
tumors (Figure 7C)

•	 In HPV− tumors, the main upregulated feature was CD44+ positivity within tumor cells

Differential cell state markers within areas in HPV+ and HPV− tumors
•	 In the TME of HPV+ tumors, we observed upregulation in CD45RO and CD44 (T-cell memory  

and activation markers, respectively) while in the HPV− tumors we saw upregulation 
in myeloid (CD14) and M2 macrophages (CD163) markers

•	 In the tumor area, CD44+ was upregulated in the HPV− tumors by the tumor cells (stemness 
marker), while several immune checkpoints (ICOS and IDO1) and activation molecules 

(CD45RO and Granzyme B) were upregulated in the HPV+ tumors 

Methods

•	 We profiled 16 HNSCC biopsies (7 HPV+ and 9 HPV− samples) with a 37-plex mIF panel 
(Figure 1A) and a corresponding H&E slide

•	 The panel consisted of core immune cell markers, immune activation status markers, as well 

as structural markers (Figure 1B)

Results

Figure 6. Differential Spatial Abundance of Immune Cell Status Stratified by 
HPV Status

B

DAPI  IDO1 CD44 CD163 Tumor cells

HPV-positive HPV-negative

DAPI  IDO1 CD44 CD163 Tumor cells

A
Upregulated

p-value
Upregulated

p-value

HPV+

HPV−

HPV status

HPV+

HPV−

.04

.005
1

0

−1

2

3

HPV 

Status

Z
-s

c
o

re

HPV 

Status

Upregulated

p-value
Upregulated

p-value

HPV+

HPV−

HPV status

HPV+

HPV−

.04

.005
1

0

−1

2

3

Tumor Invasive Margin

C
D
45

R
O

C
D
44

G
ra

nz
ym

e 
B

P
D
-1

LA
G
3

IC
O
S

ID
O
1

C
D
14

C
D
16

3

P
D
-L

1

H
LA

-D
R

H
LA

-A
K
i6
7

0.1 0.01 0.08 0 0.05 0.03 0.07 0.02 0.02 0.08 0.86 0.380.08

0.23 0.01 0.04 0.01 0.02 0.13 0.04 0.02 0.02 0.07 0.73 0.40.04

0.15 0.01 0.12 0 0.01 0.24 0.06 0.01 0.05 0.42 0.58 0.350.05

0.05 0.01 0.01 0 0.03 0.02 0.01 0 0.02 0.04 0.17 0.290.02

0.41 0.02 0.05 0 0.05 0.02 0.03 0.01 0.08 0.24 0.51 0.160.11

0.18 0 0 0 0.04 0.07 0.06 0.01 0.06 0.11 0.23 0.180.06

0.5 0.01 0.05 0.01 0.07 0.02 0.13 0.02 0.16 0.19 0.72 0.290.09

0.28 0.02 0.06 0 0.03 0.01 0.02 0.03 0.01 0.07 0.31 0.290.05

0.79 0 0.03 0 0 0 0.02 0.01 0 0.03 0.23 0.20

0.71 0 0.02 0 0.02 0.01 0.05 0.05 0.02 0.08 0.4 0.240.02

0.24 0 0.03 0 0 0.02 0.02 0.01 0.03 0.03 0.15 0.230

0.65 0 0.02 0.01 0 0 0.02 0.02 0.13 0.02 0.68 0.150.01

0.74 0 0.06 0 0 0.03 0.04 0.01 0.03 0.1 0.87 0.160.03

0.57 0 0 0 0 0.01 0.06 0 0 0.02 0.8 0.150.01

0.1 0 0.01 0 0 0.01 0.01 0 0.01 0.01 0.12 0.230.01

0.92 0 0.01 0.01 0 0.01 0.17 0.02 0.04 0.01 0.91 0.240.04

Z
-s

c
o

re

Upregulated

p-value
Upregulated

p-value

HPV+

HPV−

HPV status

HPV+

HPV−

.04

.005
1

0

−1

2

3

HPV 

Status

C
D
45

R
O

C
D
44

G
ra

nz
ym

e 
B

P
D
-1

LA
G
3

IC
O
S

ID
O
1

C
D
14

C
D
16

3

P
D
-L

1

H
LA

-D
R

H
LA

-A
K
i6
7

Tumor Core

0.07 0 0.06 0 0.03 0.02 0.06 0.01 0.01 0.05 0.84 0.390.04

0.2 0.01 0.04 0.01 0.02 0.08 0.05 0.02 0.02 0.05 0.61 0.480.03

0.12 0.01 0.08 0 0 0.22 0.05 0.01 0.06 0.45 0.51 0.340.03

0.03 0 0.01 0 0.02 0.01 0.01 0 0.01 0.04 0.11 0.30.01

0.16 0.01 0.03 0 0.01 0.01 0 0 0 0.12 0.26 0.160.02

0.11 0 0.01 0 0.03 0.12 0.05 0.01 0.06 0.09 0.17 0.150.04

0.38 0.01 0.03 0 0.04 0.02 0.12 0.02 0.08 0.17 0.54 0.290.04

0.23 0.01 0.03 0 0.02 0 0.01 0.02 0.01 0.05 0.17 0.30.03

0.82 0 0.03 0 0 0 0.02 0.01 0 0.02 0.1 0.160

0.71 0 0.01 0 0.01 0.01 0.03 0.03 0.02 0.04 0.21 0.150

0.13 0 0.03 0 0 0.04 0.02 0 0.08 0.03 0.2 0.190

0.4 0 0.02 0.01 0 0.01 0.02 0.02 0.26 0.02 0.48 0.080

0.64 0 0.03 0 0 0.02 0.02 0 0.02 0.07 0.74 0.050.02

0.37 0 0 0 0 0 0.04 0 0 0.01 0.53 0.050

0.08 0 0.01 0 0 0 0.01 0 0 0.01 0.08 0.180.01

0.92 0 0 0.01 0 0.01 0.16 0.02 0.05 0 0.93 0.170.04

Z
-s

c
o

re

C
D
45

R
O

C
D
44

G
ra

nz
ym

e 
B

P
D
-1

LA
G
3

IC
O
S

ID
O
1

C
D
14

C
D
16

3

P
D
-L

1

H
LA

-D
R

H
LA

-A
K
i6
7

Adjacent TME

0.39 0.01 0.08 0 0.06 0.05 0.09 0.04 0.07 0.04 0.62 0.160.19

0.36 0.02 0.07 0.02 0.04 0.03 0.05 0.05 0.02 0.13 0.62 0.060.19

0.64 0.02 0.17 0 0.01 0.1 0.08 0.04 0.03 0.21 0.54 0.120.15

0.42 0.01 0.01 0.01 0.06 0.07 0.05 0.03 0.05 0.18 0.74 0.090.12

0.71 0.01 0.03 0 0.05 0.02 0.09 0.04 0.08 0.31 0.9 0.080.16

0.5 0 0.01 0 0.05 0.03 0.09 0.04 0.05 0.31 0.65 0.080.15

0.34 0.01 0.03 0.02 0.06 0.04 0.12 0.05 0.04 0.2 0.37 0.080.16

0.24 0.03 0.06 0 0.06 0.05 0.05 0.11 0.04 0.16 0.29 0.140.17

0.42 0.01 0.07 0 0.01 0.01 0.1 0.04 0.03 0.17 0.68 0.050.01

0.16 0 0.04 0.02 0.07 0.03 0.17 0.14 0.07 0.22 0.31 0.090.09

0.33 0 0.07 0 0.01 0.02 0.11 0.08 0.06 0.1 0.28 0.060

0.31 0 0.07 0.02 0.02 0 0.11 0.1 0.06 0.07 0.52 0.020.05

0.3 0 0.1 0 0.01 0.06 0.13 0.08 0.04 0.14 0.36 0.060.13

0.22 0 0 0 0 0.01 0.1 0.01 0 0.03 0.48 0.030.04

0.34 0.03 0.07 0 0.01 0.05 0.14 0.07 0.04 0.11 0.44 0.050.11

0.36 0.02 0.02 0.04 0.01 0.01 0.21 0.07 0.1 0.02 0.69 0.060.11

Outer TME
Upregulated

p-value
Upregulated

p-value

HPV+

HPV−

HPV status

HPV+

HPV−

.04

.005
1

0

−1

2

3

Z
-s

c
o

re

HPV 

Status

C
D
45

R
O

C
D
44

G
ra

nz
ym

e 
B

P
D
-1

LA
G
3

IC
O
S

ID
O
1

C
D
14

C
D
16

3

P
D
-L

1

H
LA

-D
R

H
LA

-A
K
i6
7

0.5 0.01 0.07 0 0.04 0.03 0.07 0.06 0.08 0.12 0.55 0.110.2

0.31 0.01 0.05 0.01 0.02 0.02 0.06 0.08 0.01 0.13 0.52 0.030.19

0.66 0.01 0.15 0 0.01 0.09 0.06 0.04 0.02 0.19 0.45 0.090.15

0.28 0.01 0.03 0.02 0.06 0.03 0.05 0.07 0.04 0.2 0.55 0.060.14

0.65 0.01 0.03 0 0.03 0.01 0.07 0.05 0.02 0.2 0.91 0.070.13

0.41 0.01 0.01 0 0.02 0.01 0.06 0.05 0.02 0.37 0.73 0.060.18

0.25 0 0.01 0.02 0.02 0.01 0.07 0.05 0.01 0.11 0.17 0.040.07

0.2 0.02 0.04 0.01 0.04 0.03 0.04 0.08 0.02 0.11 0.22 0.130.18

0.33 0.01 0.12 0 0.01 0.01 0.08 0.03 0.03 0.29 0.82 0.040.01

0.17 0 0.04 0.01 0.07 0.02 0.15 0.12 0.07 0.2 0.36 0.10.1

0.36 0 0.07 0 0.01 0.02 0.15 0.13 0.05 0.11 0.28 0.050

0.35 0 0.09 0.02 0.01 0 0.15 0.12 0.06 0.1 0.37 0.020.06

0.28 0 0.14 0 0 0.03 0.15 0.11 0.03 0.15 0.26 0.040.15

0.15 0 0.01 0 0 0.01 0.13 0.02 0 0.02 0.24 0.030.05

0.41 0.03 0.08 0 0.01 0.03 0.18 0.13 0.03 0.13 0.47 0.040.15

0.21 0.01 0.02 0.07 0 0.01 0.35 0.16 0.1 0.04 0.39 0.030.16

(A) Comparison of cell status markers within segmented areas demonstrated differential expression of cell state markers between HPV+ and HPV− tumors 
in the tumor invasive margin, adjacent TME, tumor core, and outer TME. (B) Representative images showing the distribution of cell state markers in HPV+ 

and HPV− tumors.

Figure 5. Differential Spatial Abundance of Immune Cells Stratified by 
HPV Status
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(A) Comparison of cell-type distribution within segmented areas demonstrated differential expression of cells between HPV+ and HPV− tumors in the 
tumor invasive margin, adjacent TME, tumor core, and outer TME. (B) Representative images showing the distribution and abundance of differential cell 

types in HPV+ and HPV− tumors.


