Supplementary Information

Heterogeneity of response to immune checkpoint blockade in hypermutated

experimental gliomas

Aslan et al.



Supplementary Figures

a b
.5 d13 (MRI1) d18 (MRI2) d26 (MRI3) 1500 MRI1 toMRI3 MRI2 to MRI3
spearmanr = 0.8514 spearman r = 0.9542 “lspearman r = 0.9670 spearman r = 0.9193 speariman r = 0.8396
p<00001 © p < 0.0091 . b <0.0001 @ 10905 < 6.0001 1501 P < 0.0001 3
30 500- H )
10 . ° o g 300 i ° e 100 ° o °
—_ ° oo =] O 250 H o
(?E o2 og;o ° ° 20 o e > 200 e %}o s %°%D°
090, @y 150~ !
E 5 X o ® of° © g w0 g @o ® 0 @ o%c °
o ngo 10 2 ol 5 H o
2 %go p D1 o gl et B o
5| %" ice+ & ICB* ICB+| £ | g 6B+ | et IcB+
(_; 0 2 4 6 8 |0 12 14 0 10 20 a0 40 50 0 20 40 60 80100 2 -100 0 100 200 300 1000 ) -100-50 0 50 100150 200 250 300
[=)
area [mm?] % increase area
c d
bidim. response criteria tridim. response criteria 807 mppe 0.6405
— Control o
© area volume volume 5 entre
= 2507 250 T —=— E
: : ° ]
= 200 : Ld 200 \>‘ 0® EGO 0.2913
e i Vi o
=~ - = [
T [ 3 40 o
5] o
= > o
© S 0.6405 2
o E20 T °
o Z |o o °
(&} e
= 100 0 100 200 300 500 100 0 100 200 300 1000 =100 U 100 zuu 30“ 1000 0 m OI |
o —
3 % increase MRI1 toMRI3 10 7 24
days after tumor injection
e f
801 PD-1+ 801 Control
E 60 E 60-
© o
S ]
54 g 40
3 =
> g
S 20 5 209
g g -ED 67“;0 INR 66.67% I PD 1000 uOU% INR 100.00%
o BR % 2200 R 33.33% PR 0.00% [R 0.00%
0 10 17 24 0 10 17 24 CR 0.00° CR 0.00%
days after tumor injection
ﬂ‘ 1 <
S 19881 <1888
o 1507 o 150
-+ -+
™ 100 2 100
o o
= 50+ £ 50
2 2
o 0 o n
— — v
=] =]
G -501 G -501
E E
3 -100 3 100
B Eonral [P = 00319 = PD-1+ | p=08033

Supplementary Figure 1: Preclinical response criteria for ICB therapy in GI261 tumors. a-c, C57BI/6J mice were treated
with 250 pg anti-PD-1 and 100 pg anti-CTLA-4 (ICB+) or isotype control (C) every third day for three doses and tumor growth was
monitored by MRI before, during and after ICB therapy (MRI1, MRI2 and MRI3, n = 84 animals). a, Correlation of bidimensional
product of the diameter [mm?] and lesion volume [mm?3] on MRI1 (left), MRI2 (middle) and MRI3 (right). b, Correlation of % increase
in lesion area and lesion volume between MRI1 and MRI3 (left) and MRI2 and MRI3 (right). ¢, Relative increase in lesion area
(left) and volumes (middle) between MRI1 and MRI3 and MRI2 and MRI3 of ICB PR,SD and PD tumors defined based on RANO
criteria using lesion area (bidimensional). CR: % Awria-mriz -100 %, PR: % Auriz-mrinS -50 %, SD: % Auriz-vriz > -50 % and < +25
%, PD: % Awriz-wri1 2 +25 %. (Right) Relative increase in volumes between MRI1 and MRI3 and MRI2 and MRI3 of ICB PR, SD
and PD tumors defined based on RANO criteria using lesion volumes (tridimensional). CR: % Vyriz-mriz -100 %, PR: % Vyris-mrin
< -65.0 % or % Vuriz-mriz < -65.0 %, SD: % Vyris-mriz > -65.0 % and < +40.0 % or % Vyris-mris 2 +40.0 % and % Vuris-vriz < -30%
(unconfirmed progression, UCP), PD: % Vyrizmrin = ¥40.0 %. d-g, C57BI/6J mice were treated with 250 pg anti-PD-1 or isotype
control (C) on d10, d13 and d16 and tumors were monitored by MRI on d10, d17 and d24 post-intracranial GI261 injection (n =9
vs. n = 8 animals). Tumor growth (d+e) and therapy response (f+g) of anti-PD-1+ and control-treated mice. Response was
assessed by the percentage of tumor growth or regression (tridimensional) between d17 and d24 as well as d10 and d24 post-
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tumor inoculation. Data are represented as mean + SEM for d. Statistical significance was determined by spearman correlation
for a and b. Statistical significance was determined by two-tailed student’s test for d and g. Source data are provided as a Source

Data file.
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Supplementary Figure 2: ICB response associated factors. a, C57BI/6J mice were treated with 250 ug anti-PD-1 and 100 pg
anti-CTLA-4 (ICB+) or isotype control (C) every third day for three doses and tumor growth was monitored by MR imaging before,
during and after ICB therapy (MRI1, MRI2 and MRI3). Correlation of baseline tumor volume and ICB therapy response was
determined by spearman correlation of % Vuris-mri (I€ft) and Viyria and % Vyrisvriz @nd Vivri (right) (n = 212 animals). b, Relative
increase in lesion volumes between MRI1 and MRI3 (%Vuriz-wri1) @and MRI2 and MRI3 (%Vwvris-wriz) Of ICB treated mice in between
cages (Cage A n=4; cage Bn =5, cage C n =5, cage D n =4 animals). ¢, Relative increase in lesion volumes between MRI1
and MRI3 (%Vuyriz-mriz) and MRI2 and MRI3 (%Vwriz-wri2) of male (5, left) and female (@, middle) ICB treated mice (male n = 10,
female n = 12 animals). Right: response of ICB treated male and female treated mice. Statistical significance was determined by
spearman correlation for a. Source data are provided as a Source Data file.



2507 g B+ 300+ 300+ Control
Control
200+
n'E' 200 200
£ 150+
3
5 100
[
E 1001 1004
2 501
0+-0—T——7—T—TT 0 T 0-
07 8 91011121415 07 8 91011121415
days after tumor injection

d13 MRI1 d26 MRI3
ICB NR

ICB NR

c tumor volume T1 CE vs T2 d T1 ratio MRI2
0.8028
1004 ® 0.8097,
@
£
X o 0o @
n
T £ >
£ 2
8 £
b 2
g 507 <
= o
° E
2 2
5 =
£ «
2 R2=0.9192 ]
***p<0.001 =
n=71 MRI measurements
0 T 1 .0
1] 50 100 G1 G2 NR
tumor volume T2 [mm?] T

Supplementary Figure 3: Radiomics analysis of ICB R and ICB NR. a, C57BL/6J mice were treated with 250 pg anti-PD-1
and 100 pg anti-CTLA-4 (ICB+) or isotype control (C) at day 7, 10 and 13 after subcutaneous B16 tumor injection (ICB n = 12 vs.
C n =10 animals) and tumor diameters were measured daily/every second day. ICB+ tumors were grouped into regressing/stable
tumors (light red) and progressing tumors (dark red). b, Representative images of segmentation of MRI data for radiomic signature
analysis. c, correlation of T1 CE and T2 GI261 tumor volumes of ICB R, ICB NR and C mice (n=71 MRI measurements). d, Ratio
T1 CE-SI tumor / healthy hemisphere of directly responding ICB R (G1), pseudoprogressing ICB R (G2) and ICB NR at MRI2.
(ICB R G1 n=5, ICB R G2 n=6, ICB NR n=21 animals). Data are represented as mean + SEM for a and d. Statistical significance
was determined by two-tailed student’s t test for a, pearson correlation for ¢ or by one-way ANOVA in combination with Tukey’s

test for d. Source data are provided as a Source Data file.
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Supplementary Figure 4: anti-tumor T cell immunity in ICB R and ICB NR tumors. C57BL/6J mice were treated with 250 pg
anti-PD-1 and 100 pg anti-CTLA-4 (ICB+) or isotype control (C) on d13, d16 and d19 after intracranial GI261 tumor injection. a,
Flow cytometry analysis for frequency of CD3* TILs of CD45 cells (left) and CD8* T cells (middle) and CD4* T cells (right) of CD3*
TILs from ICB R, ICB NR and C tumors (ICB R n =3, ICB NR n =6, C n =4 animals). b, CD8 TCRf sequence motif (alteration 1
or less aa) exclusively identified in ICB R CD8 TIL subset by TCRB GLIPH analysis (ICB R n=3; ICB NR n=3 animals). c-d, Median
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expression of CD8, CD4, TCRp, PD-1, CD73 and CD38 on CD8" and CD4" TILs from ICB R, ICB NR and C mice assessed by
multi-parameter flow cytometry (ICB R n =5, ICB NR n =5, C n =5 animals). e-f, CD8* or CD4" T cells were depleted prior to
and during ICB therapy using monoclonal depletion antibodies (4 x 500 pg 2.43 2 x 1000 pg GK1.5). e, Tumor growth and
response to ICB therapy in CD8 depleted and naive mice (ICB+ CD8 naive n = 13, ICB+ CD8 depl. n =13, C CD8 naive n=9, C
CD8 depl. n = 9 animals). f, Tumor growth and response to ICB therapy in CD4 depleted and naive mice (ICB+ CD4 naive n =
12, ICB+ CD4 depl. n = 12, C CD4 naive n = 8, C CD4 depl. n = 7 animals). Data are represented as mean + SEM for a+d.
Statistical significance was examined by one-way ANOVA in combination with Tukey’s test for a+d or by two-tailed student’s t test

for e and f. Source data are provided as a Source Data file.
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Supplementary Figure 5: tSNE-guided immune cell subtyping in ICB R and ICB NR CNS. a-d, C57BI/6J mice were treated
with 250 pg anti-PD-1 and 100 pg anti-CTLA-4 (ICB+) or isotype control (C) on d13, d16 and d19 and tumor growth was monitored
by MR imaging on d13, d19 and d26 post intracranial GI261 tumor injection (ICB R n=5, ICB NR n =5, C n =5 animals) a, Cell
subtyping of CNS infiltrating cells from ICB R, ICB NR and C mice. Heatmap showing the median expression of indicated markers
(value range: 0-1, white - red) of the FlowSOM-guided meta-clustering on living and single cells. b, Myeloid cell subtyping of CNS
infiltrating cells from ICB R, ICB NR and C mice. Heatmap of the median expression of indicated markers (value range: 0-1, white
- red) of the FlowSOM-guided meta-clustering on living and single CD45*CD11b* myeloid cells. ¢, Manual gating of flow cytometry
data on major leukocyte populations present in a representative brain sample among GI261-bearing mice treated with isotype
control antibodies. d, Manual gating of expression levels of PD-L1 and CD155 in MDCs, classical and alternative monocytes,

macrophages, microglia and neutrophils (light grey) compared to respective FMO controls (dark grey).
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Supplementary Figure 6: Migration of circulating CD11b+ cells and apoptosis of tumor-associated CD45"9"CD11b+ cells
during ICB therapy. a-f, C57BI/6J mice were treated with 250 pg anti-PD-1 and 100 pg anti-CTLA-4 (ICB+) or isotype control (C)
on d13, d16 and d19 and tumor growth was monitored by MR imaging on d13, d19 and d26 post intracranial GI261 tumor injection.
a, tSNE-guided cell subtyping (relative frequencies) of CNS infiltrating cells from ICB R, ICB NR and C mice (ICB R n =5, ICB
NR n =5, C n =5 animals). b, representative gating of CD45"9"CD11b* cells in GI261 tumors. Cells were pre-gated for singlets,
viable cells and CD45" cells. ¢, apoptosis analysis of tumor-associated CD45""CD11b* cells by flow cytometry (ICB R n =4, ICB
NR n =5 animals). d-g, Flow cytometry analysis from blood of ICB responder (R), non-responder (NR) and control-treated (C)
mice was performed of circulating CD11b*CD11c cells on d15 (d) and d21 (f) after tumor injection. Normalized mean fluorescence
intensity (nMFI) of CCR2, CCR4, CCR5 and CCR6 on CD11b*CD11c cells on d15 (e) and d21 (g) after tumor injection. (d15: ICB
Rn=4,ICBNRn=7,Cn=6;d21: ICBR n=5,ICB NR n =8, Cn=4animals) h, Plasma levels of cytokines and chemokines
of ICB responder (R), non-responder (NR) and control-treated (C) pooled blood samples at day 15 after tumor injection. ). Data
are represented as mean + SEM for a and c-g. Statistical significance was examined by one-way ANOVA in combination with
Tukey'’s test for a, d-g or by two-tailed student’s t test for c. Source data are provided as a Source Data file.
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Supplementary Figure 7: combination of CSF1R depletion and ICB therapy in GI261 tumors. a-b, CSF1R was targeted prior
and during ICB therapy using monoclonal antibodies (AFS98; 6 x 250 pug). Tumor growth (a) and response (b) to ICB therapy in
CSF1R-targeted and control mice (ICB+ CSF1R naive n = 12, ICB+ CSF1R depleted n = 11; C CSF1R naive n = 7, C CSF1R

depleted n = 7 animals). All data are represented as individual data points. Statistical significance was examined by two-tailed
student’s t test for b. Source data are provided as a Source Data file.
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Supplementary Figure 8: tSNE-guided myeloid cell phenotyping in ICB R and ICB NR tumors. a-c, C57BI/6J mice were
treated with 250 pg anti-PD-1 and 100 pg anti-CTLA-4 (ICB+) or isotype control (C) on d13, d16 and d19 and tumor growth was
monitored by MR imaging on d13, d19 and d26 post intracranial GI261 tumor injection. a, Median expression of activation marker

R, ICB NR and C tumors assessed by multi-parameter flow cytometry (ICB R n =5, ICB NR n

NR and C tumors assessed by multi-parameter flow cytometry (ICB R n

test for a-c. Source data are provided as a Source Data file.
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Supplementary Figure 9: Immunosuppressive phenotype of tumor-associated myeloid cells in ICB NR mice. a-c, C57BI/6J
mice were treated with 250 pg anti-PD-1 and 100 pg anti-CTLA-4 (ICB+) or isotype control (C) on d13, d16 and d19 and tumor
growth was monitored by MR imaging on d13, d19 and d26 post intracranial GI261 tumor injection. a, correlation of ICB response
with PD-L1 expression on tumor-associated CD45""CD11b* cells (n = 12 animals). b, Ex vivo phagocytosis of tumor-associated
CD45""CD11b* cells from ICB R, ICB NR and C mice with and without 20 ug ml* anti-PD-L1 (10F.9G2) assessed by flow
cytometry for pHrhodo red* cells (ICB R n =3, ICB NR n = 3, C n = 3 animals). ¢, mean MHC Il expression on PD-L1* and PD-
L1 CD11b* cells from ICB R, ICB NR and C tumors assessed by flow cytometry (ICB R n =8, ICB NR n =4, C n =9 animals).
Data are represented as mean + SEM for b-c. Statistical significance was assessed by spearman correlation for a, by one-way
ANOVA in combination with Tukey’s test for b and ¢ and paired two-tailed student’s t test for b (-PD-L1 vs. +PD-L1). Source data
are provided as a Source Data file.
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Supplementary Figure 10: Immunosuppressive phenotype of tumor-associated myeloid cells is associated to ICB
resistance. a-d, C57BI/6J mice were treated with 250 pg anti-PD-1 and 100 pug anti-CTLA-4 (ICB+) or isotype control (C) on d13,
d16 and d19 and tumor growth was monitored by MR imaging on MRI, MRI2 and MRI3 post intracranial GI261 tumor injection. a-
b, correlation of MRI3 tumor volumes (left), tumor growth MRI1 to MRI3 (middle) and tumor growth MRI2 to MRI3 (right) from ICB
mice with percentage of tumor-associated CD45"9"CD11b* cells (a) or PD-L1 expression on tumor-associated CD45""CD11b*
cells (b). c-d, correlation of MRI3 tumor volumes (left), tumor growth MRI1 to MRI3 (middle) and tumor growth MRI2 to MRI3
(right) from C mice with percentage of tumor-associated CD45""CD11b* cells (c) or PD-L1 expression on tumor-associated
CD45""CD11b* cells (d) For correlation analysis data from 3 (a+b, n=35) and 2 (c+d, n=10) independent experiments were

pooled. Statistical significance was assessed by spearman correlation for a-d. Source data are provided as a Source Data file.

13



a e gated on lymphocytes __gated on single cells gated on living cells

1,0M = 83 10M =
- 1072 . living cells oy
* Single Cells 5. i 1CD45 cells
00K - o ks ww . 800K 1
HO0K - 00K -
. =) 1
400K - E 400K bl
: 5 ]
200K = E 200K =
< T : L < ]
% 200K 400K GODK  BOOK 1,0M E 0 200K 400K 600K 800K 10M 9 E ,m“ o 104 |05 106
FSC-A FSC-A FSC-A CD45 [BV510]
gated on CD45 cells _gated on CD3 T cells _gated on CD4 T cells
"M o T cells 10 I CDaTcells "’: 2
a0k = 10 !
. 0. Lt
600K = E )
- mi._! . Tregs
400K — E _ wz:; B
200k - ; E o _ i
o 2 o}
e < o] 10l A —
8 o |D3 104 |D5 IB5 8 8 -'\03 o '\03 IL'.‘4 |05|05
CD3 [BV711] FOXP3 [APC]
b c
LLIAED 4 divisions 112 divisions B undivided d
0.0648 3 divisions M 1 division
, 4000 Cg.42a5 1207 407 —L04918
s 0.2315 l l + — 1
() = i T ~
9 0.0020 1001 ) —
o 3000 4 S') 20
m] 0O 804 ©
O 0.0133 O A -]
G + QO
© 2000- ° g 2 s0- x| < 20 4
Ll o o .
w . 73]
i ,ﬁﬂz’il 5 40 hd T > 0.8201
O 0.8777 5 2
= 10004 : RN - = 101
204 ™ o
= ﬁFT _| BN
0- T T T 1] ' S 04
CD3 + + + + + + + cD3 + + + + 4+ + + + CD3
CD11b - R NR C = R NR C CD11b - R NR C - R N ¢C CD11b
aPD-L1 - - - - + + + + aPD-L1 - - - — 4+ + + + aPD-L1
e f
10000 T cells
GI261ICBR I aPD-1+aCTLA-4
® -g:gg] {E}B NR B PD-1 +aGTCA4+aPD-L1
O 80004 naive activated o 60 50-
© o —
©
= I E so 40-
O 6000+ ° .§.
2 of @ 40
8 o g 301
4000+ o] =2
i 2 ¥
= - 204
o 204
£ 20004 £
=) & 8 -E 104 104
o-1d g @ [ o) !
CD11b RNRC RNRC 0- 0-

Teels spleen tumor spleen spleen tumor spleen 0 13 19 26 0 13 19 26
days after tumor injection

CD4 CD8

Supplementary Figure 11: Resistance to ICB therapy is mediated by PD-L1 expression on tumor-associated myeloid cells
in ICB NR mice. a-d, C57BI/6J mice were treated with 250 pg anti-PD-1 and 100 pg anti-CTLA-4 (ICB+) or isotype control (C) on
d13, d16 and d19 and MR imaging was performed on d13, d19 and d26 post GI261 injection. a-d, Ex vivo T cell suppression of
tumor-associated myeloid cells from ICB R, ICB NR and C mice. CD11b* cells were purified from ICB R, ICB NR and C tumors
on d27 post-tumor inoculation by MACS and co-cultured for 72 h with pre-activated naive CD3* splenocytes with and without 20
pg mit anti-PD-L1 (10F.9G2) (ICB Rn =4, ICB NR n =4, C n = 4 animals). a, gating strategy for T cell suppression assay. b-d,
CD8* (b) and CD4* (c) T cell proliferation and CD25'FOXP3* T4 frequencies (d) after 72 h co-culture with tumor-associated
myeloid cells from ICB R, ICB NR and C mice assessed by CFSE staining. e, CD80 expression was analyzed on splenocytes and
TILs from ICB R, ICB NR and C tumors and pre-activated splenocytes from naive mice co-cultured with ICB R, ICB NR and C
tumor-associated CD11b+ cells by flow cytometry (spleen and TILs: ICB R n =3, ICB NR n =5, C n = 8; spleen naive: T cells
onlyn=4,Tcells +ICBR CD11b n=4, T cells + ICB NR CD11b n =4, T cells + C CD11b n = 4). f, C57BL/6J mice were treated

14



with 250 pg anti-PD-1 and 100 pg anti-CTLA-4 and as combinatory therapy with additional 200 pg anti-PD-L1 on d13, d16 and
d19 post-tumor inoculation and tumor growth was assessed by MRI. (aPD-1 + aCTLA-4 n = 13, aPD-1 + aCTLA-4 + aPD-L1 n =
13 animals). Data are represented as mean + SEM. For b statistical significance was determined by one-way ANOVA in
combination with Dunnett’s test (CD3* cells + R, NR or C CD11b* cells vs. T cells only) or two-tailed paired student’s test (-PD-L1
vs. + PD-L1). For d statistical significance was analyzed by one-way ANOVA in combination with Dunnett’s test (CD3* cells + R,
NR or C CD11b* cells vs. T cells only) and Sidak’s test (CD3* cells + R CD11b* cells vs. CD3* cells + NR CD11b* cells) for multiple

comparison or two-tailed paired student’s t test (-PD-L1 vs. + PD-L1). Source data are provided as a Source Data file.
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Supplementary Tables

Supplementary Table 1: pro- and anti-inflammatory gene expression in intratumoral ICB R and NR macrophages.

gene Signature NR NR NR R R R R logFC | adj.p. Ref
anti-

Cd274 ) 7,874 7,884 6,906 9,238 9,569 9,646 9,560 1,932 0,0044 12
inflammatory
anti- 3

ll1rn ) 12,315 | 11,248 | 12,200 9,959 11,349 9,395 10,075 -1,745 | 0,0277 4
inflammatory
anti-

1120rb ) 10,942 | 11,159 | 11,298 10,812 10,979 | 10,581 | 10,653 -0,384 | 0,1010 56
inflammatory
anti-

ll4ra ) 11,489 | 11,534 | 11,996 10,633 10,809 | 10,523 | 10,609 -1,034 | 0,0051 7
inflammatory
anti-

l16st ) 7,379 7,701 6,706 8,210 7,984 8,626 7,951 0,917 0,0489 8
inflammatory
anti-

Msrl ) 10,780 | 9,866 10,686 9,048 9,618 8,653 9,412 -1,230 | 0,0162 59
inflammatory
anti-

Tofbl ) 11,812 | 11,340 | 11,366 | 11,437 11,750 | 11,059 | 10,918 0,232 | 0,4662 10,11
inflammatory

i anti-

Tofbi ) 14,793 | 14,117 | 14,673 13,163 13,884 | 12,874 | 13,207 -1,240 | 0,0121 412
inflammatory
pro- 13

Cdso ) 8,768 8,378 8,744 8,340 8,205 8,101 8,530 0,332 | 0,1875
inflammatory
ro-

Cds6 P 10,696 | 10,505 | 10,707 10,095 10,382 | 10,164 | 10,409 -0,371 | 0,0863 513
inflammatory
pro-

Cxcl10 ) 11,188 | 10,573 | 11,191 9,435 10,182 9,619 | 11,073 0,893 | 0,1214 813
inflammatory
pro-

H2-Abl | 15,754 | 16,224 | 16,274 15,852 15,498 | 15,652 | 15,867 -0,365 | 0,1315 313
inflammatory

H2- pro-
) 9,157 9,091 8,750 9,904 9,823 9,962 9,412 0,778 0,0156 313

DMb2 inflammatory
pro-

Il1b ) 12,937 | 11,958 | 13,439 11,159 12,767 | 10,629 | 11,975 -1,163 | 0,1173 357
inflammatory
pro-

l112a ) 6,570 6,731 6,387 6,836 7,688 7,934 7,634 0,950 0,0311 3,7.13
inflammatory
pro-

116 ) 6,957 5,921 6,162 6,713 7,613 8,020 7,226 1,033 0,0587 3,7.13
inflammatory
pro-

Nos2 ) 7,350 8,537 8,442 8,768 8,977 9,313 9,425 0,979 0,0587 3,7.13
inflammatory
ro-

TIr2 P 10,898 | 10,975 | 11,120 10,358 10,469 | 10,455 | 10,789 0,477 | 0,0489 58,13
inflammatory
pro-

Tnf 9,169 9,185 8,812 8,814 8,836 9,346 9,127 -0,058 | 0,8228 357

inflammatory

Gene expression in log2 counts per million and differential gene expression in R vs. NR macrophages.

P values were adjusted using Benjamini Hochberg correction.
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