e LI F E RESEARCH ARTICLE a @
elifesciences.org

Figures and figure supplements

Tumor initiating cells induce Cxcr4-mediated infiltration of pro-tumoral
macrophages into the brain

Kelda Chia et al

Chia et al. eLife 2018;7:€31918. DOI: https://doi.org/10.7554/eLife.31918 10f17


https://doi.org/10.7554/eLife.31918
https://creativecommons.org/
https://creativecommons.org/
http://elife.elifesciences.org/
http://elife.elifesciences.org/
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access

LI F E Cancer Biology | Immunology and Inflammation

A B 4 dpf 10 dpf 4 dpf 10 dpf
lexOP [—pA|
~ Control
_/""5/ Control: lexOP:tagRFP-pA
AKT1: lexOP:AKT1-lexOP:tagRFP
AKT1

C E

Control Control

ARTY AKT1

D

Control

Control

AKT1 AKTA1

L

Gi

Control

== Control == AKT1*

P . . B 1007
90
607
80-
501 70
p<0.001
R
404
50
304 40-

p<0.001

a-PCNA

Percent Survival (%)

AKT1

Percentage PCNA'/RFP* Cells (%)

5 10 15 20 25 30
Days (dpf)

a-PCNA

Figure 1. Human AKT1 induces transformation in the larval zebrafish brain. (A) To achieve expression in neural cells under the NBT promoter, the
NBT:ALexPR-lexOP-pA zebrafish line was used. AKT1 expression was achieved through the injection of a lexOP:AKT1-lexOP:tagRFP into embryos at the
one-cell stage. Control-RFP cells were obtained through the injection of a lexOP:tagRFP-pA. (B) In vivo imaging revealed early transformations and
abnormal cellular morphology of AKT1-expressing cells in the brains of larval zebrafish from 4 dpf to 10 dpf. Representative confocal images of the
larval zebrafish brain are shown. Upper panel: RFP control cells, lower panel: AKT1-expressing cells. (C) Immunohistochemistry revealed expression of
the human AKT1 protein in AKT1-expressing cells, but not in control cells. Representative confocal images of the larval zebrafish brain at 8 dpf are
shown. Upper panel: RFP control cells, lower panel: AKT1-expressing cells. (D) Immunohistochemistry revealed expression of the differentiation marker
Synaptophysin in AKT1-expressing cells but not in control cells. Representative confocal images of the larval zebrafish brain at 8 dpf are shown. Upper
Figure 1 continued on next page
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Figure 1 continued

panel: RFP control cells, lower panel: AKT1-expressing cells (E) Immunohistochemistry showed that neither AKT1-expressing cells nor control neural
cells were positive for GFAP at 8 dpf. Representative confocal images of the larval zebrafish brain at 8 dpf are shown. Upper panel: RFP control cells,
lower panel: AKT1-expressing cells. (F) Immunohistochemistry revealed that a subset of AKT1-expressing cells was positive for the stem cell marker
Sox2 while neural control cells were negative. Representative confocal images of the larval zebrafish brain at 8 dpf are shown. Upper panel: RFP control
cells, lower panel: AKT1-expressing cells. (Gi) Immunohistochemistry using the proliferation marker PCNA (proliferating cell nuclear antigen) revealed
increased expression in AKT1-expressing cells compared to control cells. Representative confocal images of the larval zebrafish brain at 8 dpf are
shown. Upper panel: RFP control cells, lower panel: AKT1 cells. (Gii) Quantification of the level of proliferation rates in RFP-positive neural cells in
control and AKT1-positive fish, (Control: 9.2 £ 0.75%, n = 13 larvae; Akt1: 57.1 £ 2.03%, n = 17 larvae, p<0.001, N = 3) (H) Kaplan-Meier survival plot of
control and AKT1 injected larvae over 30 days, n = 118/130, and 62/174 respectively. Error bars represent mean + SEM. All images represent maximum
intensity projections of confocal stacks. Images were captured using a Zeiss LSM710 confocal microscope with a 20X/NA 0.8 objective. Scale bars
represent 100 um.

DOI: https://doi.org/10.7554/eLife.31918.003
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Figure 1—figure supplement 1. Neural AKT1 expression induces brain tumors with mixed neuronal and glial components. (A)-(G) Representative
brain samples from 1-month-old zebrafish injected with driver plasmid containing the NBT promoter (NBT:AlexPR-lexOP-pA) together with a lexOP:
AKT1-lexOP:tagRFP, showing clones of cells expressing the oncogene (red fluorescence). Some clones showed neuronal differentiation (axons, asterisk
in D). (H), (H") Example of a 1-month-old fish showing a large cerebellar clone of oncogene expressing cells. (I)-(N) Sections through the cerebellar
tumor shown in (H"), showing red fluorescence from the transgene (1), (J), (K), (L), (M)-(N) and green fluorescence for immunohistochemistry for AKT1 (I'),
(J"), Synaptophysin (K') and GFAP (L) or white nuclear staining (DAPI) (M), (N). Yellow arrows in (M) point to apoptotic bodies. Blue arrows in (N) point
to mitotic figures. Scale bars represent: 100 um for (A)-(G) and. (H'); 1 mm for (H); 50 um for (1), (I); 20 um for (J)-(K’) and (M), (M"); 10 um for (L), (L") and
(N).

DOI: https://doi.org/10.7554/eLife.31918.004
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Figure 2. Induced transformation in AKT1-expressing cells leads to increased microglia numbers and microglial activation. (A) Immunohistochemistry
using the microglia-specific antibody (0—4C4) showed increased microglia numbers and increased microglial activation upon overexpression of AKT1.
Figure 2 continued on next page
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Figure 2 continued

Representative confocal images of the larval zebrafish brain are shown. Upper panels: upon control RFP expression, lower panels: upon AKT1
overexpression. White arrows indicate ramified microglia; Yellow arrows indicate amoeboid microglia. (Ai)-(Aiii) Higher magnifications of cells in the
green (i), blue (i) and yellow (i) outlined areas. Upper panel shows 4C4 immunohistochemistry, lower panel shows segmented images using the surface
tool in Imaris. (i) Represents a ramified cell (surface/volume ratio ~1), (ii) shows an activated cell (surface/volume ratio ~0.8) and (iii) shows a fully
activated (amoeboid) cell (surface/volume ratio ~0.6) (B) Quantification of the numbers of microglia in the brain in control and following AKT1
overexpression (Control: 85.8 + 2.45, n = 35 larvae; Akt1: 154.2 £ 8.15, n = 31 larvae, p<0.001, N = 3). (C) Quantification of the percentage activation
within the microglial population in control and AKT1-positive fish (Control: 57.8 + 2.26%, n = 10 larvae; AKT1: 84.5 + 1.07%, n = 14 larvae, p<0.001,

N = 2). Error bars represent mean +SEM. Images were captured using a Zeiss LSM710 confocal microscope with a 20X/NA 0.8 objective. Scale bars
represent 100 um.

DOI: https://doi.org/10.7554/eLife.31918.005
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Figure 3. Microglia and macrophages show direct interactions with AKT1-expressing cells. The Tg(mpeg1:EGFP) line was outcrossed with the Tg
(NBT:ALexPR-lexOP-pA) fish to create Tg(NBT:ALexPR-lexOP-pA; mpeg1:EGFP) double transgenic fish, in which macrophages/microglia express EGFP
under the mpeg1 promoter. In vivo time-lapse imaging was carried out over a period of 8 hr (480 min) at 8 dpf to observe microglia/macrophage
behavior within the brain parenchyma. (A) Microglia/macrophages were observed to behave physiologically in the presence of RFP-expressing control
cells. Representative confocal images are shown, recording times indicated. See also Video 1. (B) Following AKT1 overexpression, microglia/
macrophages were observed to interact directly with the AKT1-expressing cells over long periods of time. Importantly, phagocytosis was not observed.
Representative confocal images are shown, recording times indicated. See also Video 2. White arrows and arrowheads point at macrophages/microglia
directly interacting with AKT1-expressing cells. (C), (D) Microglia interactions with AKT1-positive cells were targeted and also observed with isolated
AKT1-positive cells. Representative confocal images are shown, recording times indicated. See also Videos 3 and 4. Images were captured using an
Andor spinning disk confocal microscope with a 20X/NA 0.75 objective. Scale bars represent 30 um.

DOI: https://doi.org/10.7554/eLife.31918.006
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Figure 4. Infiltration of peripheral leukocytes into the brain parenchyma accounts for increased microglia numbers following AKT1 overexpression. (A)

Immunohistochemistry carried out using the a—4C4 antibody for microglia and a-L-plastin antibody for leukocytes to distinguish microglial cells (L-

Figure 4 continued on next page
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Figure 4 continued

plastin®/4C4*; indicated by yellow arrows) from newly infiltrating leukocytes (L-plastin®/4C4; indicated by red arrows). This analysis revealed increased
infiltration of leukocytes into the brains of AKT1-positive fish. Representative confocal images of the larval zebrafish brain are shown. Upper panels:
upon control RFP expression, lower panels: upon AKT1 overexpression. The dotted white line demarcates the brain parenchyma (Bi) Quantification of
the number of infiltrated leukocytes (L-plastin®/4C4") into the brain parenchyma in control and AKT1-positive larvae at 8 dpf (AKT1: 24.1 + 1.48, n = 17
larvae, and 11.0 + 0.64, n = 30 larvae in age-matched controls, p<0.001, N = 3). (Bii) Quantification of the total 4C4" microglia population in control
larvae and larvae following AKT1 overexpression at 8 dpf (Control: 85.0 + 2.64, n = 30 larvae; AKT1: 146.5 + 6.27, n = 17 larvae, N = 3). (Biii)
Quantification of the total L-plastin® leukocyte population in control larvae and larvae following AKT1 overexpression at 8 dpf (Control: 96.0 +2.77,

n = 30 larvae; AKT1: 170.5 + 6.95, n = 17 larvae, p<0.001, N = 3). (Ci) Quantification of the number of infiltrated leukocytes (L-plastin®/4C4") into the
brain parenchyma in control and AKT1-positive larvae at 3 dpf (Control: 6.0 + 0.56, n = 17 larvae; AKT1: 27.4 + 3.38, n = 16 larvae, p<0.001, N = 2). (Cii)
Quantification of the total 4C4" microglia population in control larvae and larvae following AKT1 overexpression at 3 dpf (Control: 43.7 £2.43,n = 17
larvae; AKT1: 45.6 + 3.43, n = 16 larvae, p=1, N = 2). (Ciii) Quantification of the total L-plastin* leukocyte population in control larvae and larvae
following AKT1 overexpression at 3 dpf, (Control: 49.7 + 2.47, n = 17 larvae; AKT1: 73.0 + 547, n = 16 larvae, p<0.001, N = 2). Error bars represent
mean +SEM. Images were captured using a Zeiss LSM710 confocal microscope with a 20X/NA 0.8 objective. Scale bars represent 100 um.

DOV https://doi.org/10.7554/eLife.31918.011
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Figure 4—figure supplement 1. Macrophages infiltrate AKT 1-positive brains and start expressing p2ry12. The Tgimpeg1:mCherry) line was
outcrossed with the Tg(p2ry12:p2ry12-GFP) fish to create Tg(mpeg1:mCherry; p2ry12:p2ry12-GFP) double transgenic fish, in which all macrophages
(including microglia) express mCherry under the mpeg1 promoter and microglia express in addition p2ry12-GFP under control of the p2ry12 promoter.
Upon AKT1 overexpression, macrophages (red) were observed to infiltrate the brain and start to express p2ry12:p2ry12-GFP (white). In vivo time-lapse
imaging was carried out over a period of 2 hr (126 min) at 5.5 dpf to observe macrophage infiltration into the brain parenchyma. Upper left image
shows a dorsal view on the larval tectum and cerebellum, dashed yellow line highlights the area of infiltration, which is shown at different time points in
higher magnification (recording times indicated). Dotted yellow line at t = 0 min and t = 30 min demarcates position of the mCherry-positive
macrophage that is negative for P2ry12-GFP at these time points. Yellow arrowheads highlight the position of the infiltrating macrophage at all time
points. See also Video 5. Images were captured using an Andor spinning disk confocal microscope with a 20X/NA 0.75 objective. Scale bars represent
10 um.

DOI: https://doi.org/10.7554/eLife.31918.012
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Figure 5. Cxcrdb signaling is required for the increase in microglia numbers following AKT1 overexpression. (A) To achieve expression in neural cells in
the cxcrdb”™ mutant zebrafish line, a driver plasmid containing the NBT promoter (NBT:AlexPR-lexOP-pA) was co-injected together with either a lexOP:

Figure 5 continued on next page
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Figure 5 continued

AKT1-lexOP:tagRFP plasmid to induce AKT1 expression or together with a lexOP:tagRFP-pA plasmid to achieve control RFP expression.
Immunohistochemistry expression of (B) the human AKT1 protein and (C) Synaptophysin in the AKT1-expressing cells in the cxcrdb”” mutant fish at 8
dpf. (D) Quantification of the number of microglia in wild-type (WT)(cxcrdb**) controls, cxcrdb™” controls, and following AKT1 overexpression in WT
larvae and cxcrdb™ fish at 8 dpf (WT AKT1: 154.2 £ 8.15, n = 31 larvae; excrdb” AKT1: 91.4 £5.22, n = 17 larvae, p<0.001, N = 3). (Ei) Quantification of
the number of infiltrated leukocytes (L-plastin™/4C4") into the brain parenchyma in control and AKT1-positive cxcrdb™ fish at 8 dpf (cxcrdb™ Control:
10.8 + 0.85, n = 20 larvae; cxcrdb” AKT1: 11.9 = 1.00, n = 14 larvae, p=0.408 (n.s.), N = 3). (Eii) Quantification of the total L-plastin® leukocyte
population in control cxcrdb™” larvae and following AKT1 overexpression at 8 dpf (cxcrdb™” Control: 93.4 + 4.05, n = 20 larvae; cxcrdb” AKT1:
103.5+5.00, n = 14 larvae, p=0.122 (n.s.), N = 3). (F) Quantification of the level of proliferation rates in control-RFP and AKT1-expressing cells in WT
and cxcrdb™ fish at 8 dpf (WT AKT1: 57.1 £ 2.03%, n = 17 larvae, excrdb”” AKT1: 30.5 + 4.53%, n = 5 larvae, p<0.001, N = 2). Error bars represent
mean +SEM. Images were captured using a Zeiss LSM710 confocal microscope with a 20X/NA 0.8 objective. Scale bars represent 100 um.

DOI: https://doi.org/10.7554/eLife.31918.014
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Figure 5—figure supplement 1. Cxcrdb™”" zebrafish larvae show a normal distribution of macrophages. (A) In situ hybridization for mpeg1 at 3 dpf.
cxcrdb™ larvae (lower panel) show a normal distribution of macrophages compared to wild-type larvae (upper panel). (B) Mfap4 immunohistochemistry
confirms the normal distribution of macrophages in cxcrdb™” larvae (lower panel) compared to wild-type larvae (upper panel).

DOI: https://doi.org/10.7554/eLife.31918.015
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Figure 6. Cxcrdb signaling in macrophages is required for the increase in microglia numbers upon AKT1 transformation in the brain. (A) To rescue
Cxcrdb expression in macrophages or neural cells in the cxcrdb”” mutant fish, a cell-specific rescue construct was injected in addition to the NBT driver
and lexOP:tagRFP-pA/lexOP:AKT 1-lexOP:RFP constructs. Cxcrdb expression was recovered in macrophages through the mpeg1 promoter
(‘'macrophage’ rescue) via a mpeg1:cxcrdb-pA construct. The expression of cxcrdb in neural cells (‘Neural’ rescue) was rescued through the lexOP:
cxcrdb-pA construct. (B) Immunohistochemistry using a Cxcrdb antibody showed that Cxcrdb expression is completely absent in microglia and neural
cells in the cxcrdb™ fish (upper panels). Cxcrdb expression is partially recovered following the respective rescue conditions (lower panels). (C)
Quantification of the number of microglia in cxcrdb”” mutants overexpressing AKT1 before, and after Cxcrdb rescue in macrophages (‘Macrophage’
rescue: 119.5 + 459, n = 28 vs cxcrdb™” Akt1: 91.4 +5.22, n = 17; p<0.001, N = 39) and in neural cells (‘Neural’ rescue: 92.2 £ 4.40, n = 27, p=1 (n.s.),

N = 3). (D) Quantification of the level of proliferation of AKT1-expressing cells in cxcrdb”” mutants overexpressing AKT1 before, and after Cxcrdb rescue
in macrophages (‘Macrophage’ rescue: 37.8 + 1.45%, n = 45 larvae, vs excrdb” AKT1: 22.1 + 1.73%, n = 27 larvae p<0.001, N = 3) and in neural cells
(‘Neural’ rescue: 23.8 + 2.08%, n = 22 larvae, vs cxcrdb”” AKT1: 22.1 + 1.73%, n = 27 larvae, p=1.00 (n.s.), N = 3). Error bars represent mean +=SEM.
Images were captured using a Zeiss LSM710 confocal microscope with a 20X/NA 0.8 objective. Scale bars represent 100 um.

DOI: https://doi.org/10.7554/eLife.31918.016
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Figure 7. High levels of Sdf1b produced by AKT1-expressing cells lead to increased microglia numbers. (A) mRNA expression levels of mif, sdffa, and
sdf1b in AKT1-RFP" cells determined by gPCR (N = 3 for each gene). Fold change was measured in relation to control-RFP* cells using the comparative
(AACT) method. (B) Quantification of the number of microglia in control WT larvae, and following Sdf1b overexpression in both WT fish (WT Control:
85.8 £ 2.45, n = 35 larvae; WT Sdf1b: 111.0 £ 6.08, n = 25 larvae, p<0.001, N = 3) and excrdb”” mutants (cxcrdb™”” Sdflb: 82.8 £3.51, n = 12, p=0.225 (n.
s.), N = 3). Error bars represent mean +SEM.
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Figure 8. Microglia promote proliferation of AKT1-expressing cells.

(A) Treatment with the immunosuppressant Dexamethasone (DEX) and the CSF-1R

inhibitor Ki20227 led to reduced microglia numbers and proliferation rates of AKT1-expressing cells in the zebrafish larvae. (i) Quantification of the

Figure 8 continued on next page
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Figure 8 continued

number of microglia in control and upon AKT1 overexpression in DMSO controls and fish treated with DEX (DMSO Control: 83.8 + 3.29, n = 34 larvae;
DEX Control: 45.5 + 2.53, n = 36 larvae, p<0.001, N = 3; DMSO AKT1: 154.7 + 10.38, n = 21 larvae; DEX AKT1: 49.2 £ 5.16, n = 17 larvae, p<0.001,

N = 3) and fish treated and Ki20227 (DMSO Control: 83.8 + 3.29, n = 34 larvae; Ki20227 Control: 26.1 + 2.55, n = 32 larvae, p<0.001, N = 3; DMSO
AKT1: 154.7 £ 10.38, n = 21 larvae; Ki20227 AKT1: 45.1 £ 3.75, n = 22 larvae, p<0.001, N = 3) (ii) Quantification of the level of proliferation of RFP-
expressing cells in control and AKT1 overexpression in DMSO controls and fish treated with DEX (DMSO Control: 13.6 = 1.01%, n = 20; DEX Control:
13.4 £ 1.85%, n = 15 larvae, p=1.00 (n.s.), N = 3; DMSO AKT1: 48.8 + 2.23%, n = 20 larvae; DEX AKT1: 20.4 + 3.02%, n = 11 larvae, p<0.001, N = 3) and
fish treated with Ki20227 (DMSO Control: 13.6 + 1.01%, n = 20 larvae; Ki20227 Control: 9.14 + 1.30%, n = 17 larvae, p=1.00 (n.s.), N = 3; DMSO AKT1:
48.8 +2.23%, n = 20 larvae; Ki20227 AKT1: 25.1 +2.54%, n = 20 larvae, p<0.001, N = 3) Error bars represent mean +SEM. (B) irf8” zebrafish larvae
showed reduced microglia numbers and proliferation rates of AKT1-expressing cells. (i) Quantification of the number of microglia in control and AKT1-
positive brains in wt and irf8”" mutant zebrafish larvae (Control WT: 85.8 + 2.45, n = 35 larvae; Control irf8”: 6.25 = 2.76, n = 20 larvae, N = 3, p<0.001)
(AKT1 WT: 151.4 £ 5.70, n = 48 larvae; AKT1 irf87": 31.0 £ 10.32, n = 8 larvae, p<0.001, N = 3). (i) Quantification of the level of proliferation of RFP-
expressing cells in control and AKT1-positive brains in wt and irf87" mutant zebrafish larvae (Control WT: 9.25 + 0.75%, n = 13; Control irf87": 8.69 +
0.76%, n = 12, p<1.00 (n.s.), N = 3) (AKT1 WT: 57.1 + 2.03%, n = 17; AKT1 irf8”7": 24.3 + 4.11%, n = 8, p<0.001, N = 3).
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