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Supplementary Table 1: Summary of GBM specimens 
Patient ID Sample ID Molecular 

Response 
DSP ROIs Prior treatment No. of 

recurrence 
Post-Pembro 

PFS 
Post-Pembro 

OS 
G1 ISB001 NR 6 RT, Temodar, 

Valiparib, DNX-2401, 
Pembrolizumab 

2 49 477 

G2 ISB002 R 14 RT, Temodar, 
Dabrafenib, 
Trametinib, 

Pembrolizumab 

2 53 53 

G1 ISB003 NR 16 RT, Temodar, 
Valiparib, DNX-2401, 

Pembrolizumab 

4 84 308 

G3 ISB004 NR 12 RT, Temodar, 
Pembrolizumab 

1 73 270 

G4 ISB005 NR 12 RT, Temodar, 
Lapatinib, 

Pembrolizumab 

2 46 236 

G5 ISB006 R 10 RT, Temodar, 
Lanreotide, 

Pembrolizumab 

1 125 356 

G6 ISB007 NR 16 RT, Temodar, 
Lapatinib, DNX-

2401, Pembrolizumab 

2 85 300 

G7 ISB008 NR 10 RT, Temodar, PF-
06840003, CCNU, 

Avastin, Carboplatin, 
Pembrolizumab 

5 127 127 

G8 ISB009 NR 12 RT, Temodar, 
Rindopepimut, 

CCNU, 
Pembrolizumab, 

Avastin 

8 95 95 

G9 ISB010 R 12 RT, Temodar, 
Avastin, CCNU, DC 
Vax, Pembrolizumab 

2 170 170 

G10 ISB011 R 12 RT, Temodar, AMG-
596, Pembrolizumab 

2 101 159 

G11 ISB012 R 12 RT, Temodar, DC 
Vax, Pembrolizumab 

1 68 208 

G10 ISB014 R 10 RT, Temodar, AMG-
596, Pembrolizumab 

2 101 159 

G13 ISB015 NR 14 RT, Temodar, 
Lapatinib, ACP-196, 

Pembrolizumab 

2 109 179 

G10 ISB016 R 0 RT, Temodar, AMG-
596, Pembrolizumab 

4 136 159 

G10 ISB017 R 0 RT, Temodar, AMG-
596, Pembrolizumab 

2 101 159 

G14 ISB018 R 0 RT, Temodar, 
Pembrolizumab 

1 413 574 

G5 ISB019 R 0 RT, Temodar, 
Lanreotide, 

Pembrolizumab 

2 166 222 

NR, nonresponder; R, responder; RT, radiation therapy; ROIs, regions of interest; DSP, digital spatial profiler 

G1 (ISB001 & ISB003) had successive recurrences and was pre-treated with pembrolizumab before both surgeries. 

G5 (ISB006 & ISB019) had successive recurrences and was pre-treated with pembrolizumab before both surgeries. 

G10 had multifocal tumor. ISB011, ISB014, and ISB017 were from the same surgery after administration of pembrolizumab. ISB011 
and ISB017 were from the original tumor location, while ISB014 was at a second tumor site that formed despite treatment to original 
tumor. ISB016 was from a successive recurrence. 

 

  



Supplementary Table 2: Summary of melanoma specimens 

Patient ID Sample ID Timepoint Treatment Type RECIST Response DSP ROIs 

M8 MDA001 On-treatment Ipi-nivo Nonresponder 6 

M9 MDA002 Baseline Nivolumab Nonresponder 5 

M9 MDA003 On-treatment Nivolumab Nonresponder 6 

M12 MDA004 On-treatment Nivolumab Nonresponder 5 

M1 MDA005 Baseline Ipi-nivo Responder 6 

M2 MDA006 Baseline Nivolumab Responder 6 

M11 MDA007 On-treatment Nivolumab Nonresponder 6 

M3 MDA008 Baseline Ipi-nivo Nonresponder 5 

M5 MDA009 Baseline Nivolumab Nonresponder 2 

M10 MDA010 Baseline Ipi-nivo Responder 6 

M6 MDA011 Baseline Ipi-nivo Responder 6 

M7 MDA012 Baseline Nivolumab Nonresponder 6 

M10 MDA013 On-treatment Ipi-nivo Responder 6 

M13 MDA016 Baseline Ipi-nivo Responder 6 

M12 MDA018 Baseline Nivolumab Nonresponder 2 

M13 MDA019 On-treatment Ipi-nivo Responder 6 

M14 MDA020 Baseline Ipi-nivo Nonresponder 6 

M14 MDA021 On-treatment Ipi-nivo Nonresponder 6 

M15 MDA022 Baseline Ipi-nivo Responder 6 

M16 MDA023 Baseline Nivolumab Nonresponder 6 

M18 MDA024 Baseline Nivolumab Nonresponder 4 

M15 MDA025 On-treatment Ipi-nivo Responder 6 

M19 MDA026 Baseline Ipi-nivo Responder 5 

M19 MDA027 On-treatment Ipi-nivo Responder 6 

M16 MDA028 On-treatment Nivolumab Nonresponder 6 

M21 MDA029 Baseline Nivolumab Nonresponder 5 

M21 MDA030 On-treatment Nivolumab Nonresponder 7 

M22 MDA031 Baseline Nivolumab Nonresponder 5 

M22 MDA032 On-treatment Nivolumab Nonresponder 6 

M11 MDA033 Baseline Nivolumab Nonresponder 5 

M3 MDA034 On-treatment Ipi-nivo Nonresponder 4 

M4 MDA035 Baseline Nivolumab Responder 5 

M4 MDA036 On-treatment Nivolumab Responder 5 

M23 MDA037 On-treatment Nivolumab Responder 6 

M5 MDA038 On-treatment Nivolumab Nonresponder 6 

M17 MDA039 On-treatment Ipi-nivo Responder 6 

M17 MDA040 Baseline Ipi-nivo Responder 2 

M20 MDA041 Baseline Ipi-nivo Responder 4 

M23 MDA042 Baseline Nivolumab Responder 6 

ROIs, regions of interest; RECIST, response evaluation criteria in solid tumors; DSP, digital spatial profiler 

  



Supplementary Table 3: Digital spatial profiler protein panels 

Both GBM only Melanoma only
AKT B7-H4 VTCN1 CD14 
B7-H3 CD11c CD19 
Bcl-2 CD163 
Beta-2-Microglobulin CD34 
Beta-Catenin CD66B 
CD20 HLA-DR 
CD3 ICOS CD278 
CD4 IDO-1 
CD44 OX40L CD252 TXGP1
CD45 p-ERK 
CD45RO STING TMEM173 
CD56 

 

CD68 
CD8A 
FoxP3 
GZMB 
Histone H3 
Ki67 (8D5) 
MmAb IgG2a 
p-AKT 
Pan-Cytokeratin 
PD1 
PD-L1 
PTEN 
Rabbit IgG 
S6 
STAT3 

 

STAT3 (phospho Y705) 
 

VISTA 
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Supplementary Fig. 1: Statistical summary of GBM regions of interest (ROIs) used in digital spatial 
profiling analysis. a Top: Histogram and statistical summary of all GBM ROIs. Bottom: Dendrogram of 
hierarchical clustering by Ward’s method using the fraction of CD45+ cells as input, color-coded with sample 
ID. The immune-poor and immune-rich branches are colored in red and green, respectively. b and c Histogram 
and statistical summary of ROIs characterized by low immune cell proportions (<25% CD45+ cells) (b) and high 
immune cell proportions (>25% CD45+) (c). In the outlier box plots of a-c, the middle line is the median, the 
diamond is the mean, the red bracket defines the shortest half of the data (the densest region), and the left and 
right hinges of the box correspond to the first quartile (Q1) and third quartile (Q3), respectively. The whiskers 
extend from the box to the furthest point within 1.5 × inter-quartile range (where inter-quartile range equals Q3 
minus Q1), and the data beyond the end of the whiskers are outlying points that are plotted individually. d Volcano 
plot of two-sided Mann-Whitney U-test comparisons of the protein expressions between immune-cell rich and 
immune-cell poor ROIs. Expression of proteins was quantified as average count per area of assayed tissue (n = 
14 immune-cell poor and 12 immune-cell rich). The dashed horizontal lines represent the p value cutoffs (p < 
0.10 and p < 0.05) and the dashed vertical lines represent the effect size cutoffs (effect size > |1|). Source data are 
provided as a Source Data file. 
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Supplementary Fig. 2: Cross validation summary of PLSR analyses in immune-rich regions of tumors 
using CD8 in Y and other measured proteins in X and PLSR validation. a-c The optimal number of PLS 
components is 3, 4, and 6 for melanoma samples treated with nivolumab (nivo) (a), melanoma samples treated 
with ipilimumab plus nivolumab (ipi-nivo) (b), and GBM samples treated with pembrolizumab (pembro) (c), 
respectively, as additional PLS components did not improve predictability (Q2) of model. The optimal number of 
PLS components and corresponding model metrics are highlighted with a red rectangle. d Comparison of PLSR 
and simple correlation analysis. Left: Bar plot of PLSR analysis with CD8 as output and the other proteins as 
input. The bars display the value of the model coefficients, and are color coded (based on VIP threshold of 1) to 
indicate whether the inputs exhibit statistically significant covariation with CD8 (red is significant, blue is 
insignificant). Right: Bar plot of a correlation analysis with CD8. The bars display the correlation coefficient r 
metric. Bottom: Summary of the positive and negative correlations to CD8 from PLSR analysis. The proteins are 
color coded to indicate whether the correlation analysis produced an r metric with a sign that matches with the 
PLSR coefficients (green: same, magenta: different). e Heat map summarizing PLS regression analyses with CD8 
as output of immune-rich GBM ROIs determined by three CD45+ cutoffs (>20%, >25%, and >30%). Shown are 
important (VIP > 1.0) predictors. Red coloration represents positive coefficients, and blue coloration represents 
negative coefficients. VIP, variable importance in the projection; ROIs, regions of interest. Source data are 
provided as a Source Data file.   
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Supplementary Fig. 3: PLS-DA models for individual treatment arms of melanoma using RECIST 
response as categorical output. a Melanoma samples treated with nivolumab. Top: Cross validation summary 
with only 1 PLS component as the final model required only one predictor (β2M). Bottom: Plot of VIP versus 
model coefficient. b Melanoma samples treated with ipilimumab plus nivolumab. Top: Cross validation summary 
indicating that 1 is the optimal number of PLS components. Bottom: Plot of VIP versus model coefficients. The 
optimal number of PLS components and corresponding model metrics are highlighted with a red rectangle. 
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Supplementary Fig. 4: PLS-DA model for combined treatment arms of melanoma using RECIST response 
as categorical output. a Top: Cross validation summary indicating that 2 is the optimal number of PLS 
components. The corresponding model metrics are highlighted with a red rectangle. Bottom left: Plot of VIP 
versus model coefficient, with the model prediction equation shown below. Bottom right: Box plots of the final 
prediction model versus treatment response for individual ROIs. The horizontal line in each box represents the 
median sample value, the ends of the box represents the 25th and 75th percentiles, and the whiskers extend from 
the ends of the box to the outer most data points. Inset, area under the receiver operating characteristics curve 
(AUC) (n = 58 nonresponders and 41 responders). b Correlation-loading plot showing the relationship between 
the final predictors (green circles) and the response (blue circle), and the relative contributions of the predictors 
to each PLS component. The proximity of the predictors to the response indicate the strength of their correlation. 
The relative position of each ROI in PLS component space is shown near the origin (triangle: responder, circle: 
nonresponder). c Plots of ROI positions in PLS component space color-coded with the level of each proteins (red: 
high, blue: low). Response for melanoma is based on RECIST criteria. ROI, region of interest. Source data are 
provided as a Source Data file. 
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Supplementary Fig. 5: PLS-DA model for immune-rich regions of GBM using molecular response as 
categorical output. a Top: Cross validation summary indicating that 2 is the optimal number of PLS components. 
The corresponding model metrics are highlighted with a red rectangle. Bottom: Plot of VIP versus model 
coefficient. b Correlation-loading plot showing the final predictors (green circles) and the molecular response 
(blue circle). The relative position of each ROI in PLS component space is shown near the origin (triangle: mR, 
circle: mNR). c Plots of ROI positions in PLS component space color-coded with the level of each proteins (red: 
high, blue: low). d The prediction formula was applied at the tissue level, which enabled accurate classification 
of mR and mNR tissues (AUC = 0.907). Shown are box plots of the final prediction model versus molecular 
response in the immune-rich regions of GBM samples treated with pembrolizumab (n = 8 mNR and 4 mR). The 
horizontal line in each box represents the median sample value, the ends of the box represents the 25th and 75th 
percentiles, and the whiskers extend from the ends of the box to the outer most data points. Inset, area under the 
receiver operating characteristics curve (AUC). Comparison was made using a two-sided Mann-Whitney U-test 
(U = 3). Response for GBM is based on a 23-gene molecular signature. ROI, region of interest. Source data are 
provided as a Source Data file. 
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Supplementary Fig. 6: PLS-DA model for immune-poor regions of GBM using molecular response as 
categorical output. Top: Cross validation summary indicating that 2 is the optimal number of PLS components. 
The corresponding model metrics are highlighted with a red rectangle. Middle: Plot of VIP versus model 
coefficient, with the model prediction equation shown below. Bottom left: Outlier box plots of the final prediction 
model versus molecular response for individual ROIs (n = 68 mNR and 45 mR). The horizontal line in each box 
represents the median sample value, and the ends of the box represent the first quartile (Q1) and third quartile 
(Q3). The whiskers extend from the box to the furthest point within 1.5 × inter-quartile range (where inter-quartile 
range equals Q3 minus Q1), and the data beyond the end of the whiskers are outlying points that are plotted 
individually. Bottom right: area under the receiver operating characteristics curve (AUC). Response for GBM is 
based on a 23-gene molecular signature. ROIs, regions of interest. Source data are provided as a Source Data file. 
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Supplementary Fig. 7: Cross validation summary of PLSR analysis in immune-poor regions of GBM 
treated with pembrolizumab using Ki67 in Y and other measured proteins in X and PLSR validation. a 
The optimal number of PLS components is 6 as additional PLS components did not improve predictability (Q2) 
of model. The optimal number of PLS components and corresponding model metrics are highlighted with a red 
rectangle. b Heat map summarizing PLS regression analyses with Ki67 as output of immune-poor GBM ROIs 
determined by three CD45+ cutoffs (<20%, <25%, and <30%). Shown are important (VIP > 1.0) predictors. Red 
coloration represents positive coefficients, and blue coloration represents negative coefficients. c Plot of Ki67 
versus fraction of CD45+ cells. Red line is a linear regression of the data and r2 is the coefficient of determination 
for the regression. d  Plots of VIP versus model coefficients for PLSR analyses with CD8 as output in the immune-
poor (left) and immune-rich (right) regions of GBM. The dashed horizontal line represents the VIP > 1.0 cutoff 
and dashed vertical line is where the model coefficient is 0. Ki67 is highlighted with a green rectangle. Response 
for GBM is based on a 23-gene molecular signature. ROIs, regions of interest. Source data are provided as a 
Source Data file. 
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Supplementary Fig. 8: Comparison of neighbor numbers in on-treatment GBM and melanoma. Box plots 
of the average number of neighbors in GBM and melanoma color coded with RECIST or molecular response (n 
= 14 GBM and 17 melanoma). The horizontal line in each box represents the median sample value, the ends of 
the box represents the 25th and 75th percentiles, and the whiskers extend from the ends of the box to the outer 
most data points. Comparison was made using a two-sided Mann-Whitney U-test (U = 50). Response for 
melanoma and GBM are based on RECIST criteria and a 23-gene molecular signature, respectively. Source data 
are provided as a Source Data file. 
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Supplementary Fig. 9: PLSR analyses in immune-rich regions of tumors using average neighbor in Y and 
other measured proteins in X. a-c The optimal number of PLS components is 4, 6, and 3 for melanoma samples 
treated with nivolumab (a), melanoma samples treated with ipilimumab plus nivolumab (b), and GBM samples 
treated with pembrolizumab (c), respectively. The optimal number of PLS components and corresponding model 
metrics are highlighted with a red rectangle. d-f Plots of actual vs. predicted (top panel) and VIP vs. coefficients 
(bottom panel) for melanoma samples treated with nivolumab (d), melanoma samples treated with ipilimumab 
plus nivolumab (e), and GBM samples treated with pembrolizumab (f). The dashed horizontal line represents the 
VIP > 1.0 cutoff and dashed vertical line is where the model coefficient is 0. Response for melanoma and GBM 
are based on RECIST criteria and a 23-gene molecular signature, respectively. Source data are provided as a 
Source Data file. 


