
                  

Abstract

Immune cells require activation of primary and secondary signaling pathways to achieve maximum 
effect. To harness secondary signals in the design of synthetic immune receptors such as chimeric 
antigen receptors (CARs), costimulatory domains have been grafted directly into the membrane 
proximal intracellular space of these receptors. While direct incorporation of co-stimulatory domains 
such as 4-1BB and CD28 has been a successful strategy in CAR-T cell design, there are certain 
signaling domains for which membrane localization can lead to constitutive (tonic) signal 
propagation. This challenge is particularly notable for macrophages which signal through innate 
immune pathways such as MyD88 which activate from membrane proximity. 

To overcome the hurdle of tonic signaling from costimulatory domains, we developed redirected 
soluble modulators (RSMs). These chimeric soluble proteins combine the phospho-tyrosine binding 
capabilities of Src Homology 2 (SH2) domains from one protein with signal-transducing portions of 
another. Here we demonstrate an RSM that combines the phospho-ITAM binding SH2 domains from 
Syk with the signaling death domain of MyD88. The Syk-MyD88 RSM is capable of localizing to an 
ITAM domain that endogenously recruits Syk, but upon recruitment drives MyD88 signaling alongside 
endogenous Syk signaling. We co-expressed an ITAM-containing CAR together with the Syk-MyD88 
RSM in macrophages. Upon antigen-induced CAR activation, the Syk-MyD88 RSM greatly enhanced 
proinflammatory cytokine output while simultaneously driving an expansion of the proinflammatory 
cytokine profile and enhancing M1 polarization compared to CAR activation alone. When the Syk SH2 
domains of the RSM were mutated, the effect was lost, confirming the necessity for recruitment of 
the RSM to the ITAM to drive function. Additionally, the Syk-MyD88 RSM abrogated the tonic, 
antigen-independent release of proinflammatory cytokines seen with CARs that contain MyD88 
death domain directly in the CAR construct. Syk-MyD88 RSMs enhanced the anti-tumor activity of 
CAR macrophages (CAR-M). 

Macrophages are critical effector cells of monoclonal antibodies. We evaluated the ability of Syk-
MyD88 RSM to redirect endogenous Fc receptors (FcRs) to activate MyD88 in response to antibody 
signaling as a strategy to endow antibodies with multi-pronged innate immune signaling. When 
activated with antigen-specific monoclonal antibodies such as trastuzumab, macrophages expressing 
the Syk-MyD88 RSM exhibited a marked increase in antigen specific cytokine release, an expanded 
proinflammatory cytokine/chemokine output profile, and enhanced M1 polarization. RSM 
macrophages stimulated with antibodies activated MyD88 signaling, and thus offer a universal 
strategy to enhance monoclonal antibody-based therapy.

RSMs alleviate tonic MyD88 signaling and provide antigen-dependent co-stimulation upon CAR activation

Conclusions

- RSMs allow for the decoupling of costimulatory domains from the CAR construct, helping 
alleviate issues with constitutive signaling, while maintaining the antigen-dependent 
activation of costimulatory signals

- Syk-MyD88 RSMs provide a universal method to rewire monoclonal antibody Fc receptor 
signaling to boost macrophage activation and anti-tumor function

- RSMs have cell type agnostic potential to rewire signaling downstream of TCRs (T cell 
receptors), FcRs, CARs, and other endogenous immunoreceptors
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Mutations to prevent RSM ITAM localization abrogate activation

⍺CAR

⍺
R

SM

UTD

CAR + RSM

CAR

⍺CAR

⍺
R

SM

UTD

RSM

⍺CAR

⍺
R

SA

UTD RSM

Tumor Antigen

Tonic Activation SignalAntigen-Induced Activation Signal

Syk MyD88

Death TIRKinaseSH2SH2

SH2 SH2 Death

SH2 recruitment domains 
from Syk localize the RSM 

to activated ITAM 
domains

The Death Domain of 
MyD88 elicits a strong 

proinflammatory 
activation signal

RSMSyk

Her2 AntigenCAR

Syk 
Activation

MyD88 
Costimulation

Costimulatory
Domain (ex. MyD88)

RSM

RSMSyk
Syk 

Activation
MyD88 

Costimulation

Fc Receptor
(CD16, CD64, etc.)

U
TD

C
A
R

C
A
R
-M

yD
88

C
A
R
+R

S
M

0

2000

4000

6000

C
D

8
0
 M

F
I 
(F

IT
C

)

U
TD

C
A
R

C
A
R
-M

yD
88

C
A
R
+R

SM

0

2000

4000

6000

8000

C
D

8
6
 M

F
I 
(P

e
rC

y
p

-C
y
5
.5

)

U
TD

C
A
R

C
A
R
-M

yD
88

C
A
R
+R

S
M

0

200

400

600

800

1000

C
D

1
6
3
 M

F
I 
(A

P
C

-C
y
7
)

U
TD

C
A
R

C
A
R
-M

yD
88

C
A
R
+R

SM

0

1000

2000

3000

4000

5000

C
D

2
0
6
 M

F
I 
(B

V
4
2
1
)

UT
D

CA
R

C
A
R
-M

y
D
88

C
A
R
+R

SM

0

200

400

600

800

1000
2000

3000

4000

5000

6000

T
N

F
a

 (
p

g
/m

L
)

UT
D

CA
R

C
A
R
-M

y
D
88

C
A
R
+R

SM

0

200

400

600

2000

4000

6000

IL
-6

 (
p

g
/m

L
)

PBS

MSLN

HER2

UT
D

CA
R

C
A
R
-M

y
D
88

C
A
R
+R

SM

0

200

400

600

800

1000

2000

4000

6000

8000

C
C

L
1

 (
p

g
/m

L
)

UT
D

CA
R

C
A
R
-M

y
D
88

C
A
R
+R

SM

0

5000

10000

15000

C
X

C
L

1
 (

p
g

/m
L

)

PBS

MSLN

HER2

RSMs act as a co-stimulatory molecule for endogenous Fc Receptors

0 12 24 36 48 60 72

0

1

2

3

4

Time (h)

In
te

g
ra

te
d

 I
n

te
n

s
it

y
 

(n
o

rm
a
li
z
e
d

 t
o

 0
h

r)

Au565 (HER2+)

UTD + Herceptin

RSM + Herceptin

Targets + Herceptin

UTD + IgG

RSM + IgG

Targets + IgG

0 12 24 36 48 60 72

0

2

4

6

Time (h)

In
te

g
ra

te
d

 I
n

te
n

s
it

y
 

(n
o

rm
a
li
z
e
d

 t
o

 0
h

r)

MDA468 (EGFR+)

UTD + Cetuximab

RSM + Cetuximab

Targets + Cetuximab

UTD + IgG

RSM + IgG

Targets + IgG

0 12 24 36 48 60 72

0

2

4

6

8

10

Time (h)

In
te

g
ra

te
d

 I
n

te
n

s
it

y
 

(n
o

rm
a
li
z
e
d

 t
o

 0
h

r)

Raji (CD20+)

UTD + Rituximab

RS + Rituximab

Targets + Rituximab

UTD + IgG

RSM + IgG

Targets + IgG

A. B.

C.

A. B.

RSMs can function independently of CAR to signal via FC receptor activation. A. Mechanism of RSM 
recruitment to phosphorylated FC receptor ITAMs. B. Expression of RSM (teal) compared to untransduced 
(UTD, black) macrophages measured by flow cytometry.

RSMs can be co-expressed with CAR and alleviate tonic M1 polarization caused by surface MyD88 
localization - A. Mechanism of action for RSMs in the context of CAR activation. B. Expression of first-
generation anti-HER2 CAR (grey) vs. CAR+RSA (orange). C. Flow analysis of M1 (CD80, CD86) and M2 
(CD163, CD206) markers on the surface of macrophages. CARs containing MyD88 costimulation exhibit 
tonic M1 polarization, while CARs co-expressed with RSM show no change in polarization compared to 
CAR-only control.

Macrophages expressing RSM have unique cytokine profile upon stimulation via ADCC. C. PCA plot based 
on broad panel cytokine analysis after 24-hour culture with plate-bound antigen. D. Individual plots of 
cytokines demonstrating enhanced secretion upon stimulation with HER2 in the presence of Trastuzumab 
(pink, closed triangle). Mesothelin (MSLN, gray) was used as a non-targeted  control.

D.

E. Macrophages expressing RSM can be 
redirected against various antigens.
E. Incucyte analysis of GFP+ target 
cells in co-culture with macrophages 
at a 2:1 E:T ratio with antigen-specific 
antibody (closed circles) or IgG 
control (open circles). RSM-
expressing macrophages mediated 
efficient killing of HER2+ cells (top) 
and EGFR+ cells (bottom) in the 
presence of the appropriate 
antibody.
F. Enhanced antigen-specific 
secretion of IL-6 by RSM-expressing 
macrophages cultured with plate-
bound antigen over 24 hours.

RSM recruitment to activated CAR potentiates proinflammatory cytokine secretion and enhances 
cytokine profile – D. Principal Component Analysis (PCA) plot based on broad panel cytokine secretion 
analysis of macrophages stimulated with either PBS, control antigen (mesothelin), or target antigen 
(HER2). E. Individual plots of select proinflammatory cytokines and chemokines from broad panel analysis 
plotted for each macrophage. CARs containing MyD88 costimulation secrete proinflammatory cytokines in 
an antigen-independent manner. RSMs expand the cytokine profile of CAR activation, while mitigating 
non-specific cytokine secretion.

D. E.

−0.25

0.00

0.25

0.50

−0.1 0.0 0.1 0.2 0.3

PC1 (36.25%)

P
C

2
 (

1
8

.6
1

%
)

Compound

HER2

MSLN

PBS

Construct

UTD

CTX_584

CTX_869

CTX_1871

CAR-MyD88

CAR+RSM

CAR     

−0.2

0.0

0.2

0.4

0.0 0.2 0.4

PC1 (41.18%)

P
C

2
 (

1
5

.4
4

%
)

Construct

UTD

CTX_1876

Compound_Herceptin

MESO_No.Herceptin

MESO_Herceptin

HER2_No.Herceptin

HER2_Herceptin

RSM     

MSLN

MSLN + Trastuzumab

HER2

HER2 + Trastuzumab

FGF_1
uPA
APRIL
IL_17F
PDGF_BB
CCL13
CXCL5
PTX3_Pentraxin3
CXCL7
CD14
CXCL10
IL_1beta
CXCL12_beta
NRG1beta1
IL_1alpha
IL_12p40
G_CSF
CXCL12_alpha
GM_CSF
CXCL6
CXCL1
IL_6
IL_10
CCL7
CCL20
TNFalpha
CCL5
CCL1
CCL4
TIMP1
CCL19
CCL8
CCL23
IL_18
OncostatinM_OSM
IL_16
CXCL16
CCL18
FLRG_FSTL3
CD276_B7_H3
IL_1RA_RN
BCMA_TNFRSF17
MMP_12
Osteopontin_OPN
MMP_9
TNFRI
EMMPRIN
IL_6Ralpha
TNFRII
M_CSF
MMP_7
MIF
SCF
CCL24
MMP_1
MMP_10
MMP_3
LIF
CD163
CXCL3
CCL15
TREM2
CCL3
Amphiregulin
CCL17
HVEM
ICAM_1
IL_8
VEGFR_1
M_CSFR_CD115
CCL16
IL_33
IL_32_alpha
CCL14
PLGF
Mesothelin
GDF_15_MIC_1
ICAM_2
HGF
VCAM_1
Calbindin
IL_31
BMP3
IFN_epsilon
EGFR

U
TD

_M
E
S
O
_H

er
ce

pt
in

C
TX

_1
87

6_
M

E
S
O
_H

er
ce

pt
in

C
TX

_2
26

0_
M

E
S
O
_H

er
ce

pt
in

U
TD

_H
E
R
2_

H
er

ce
pt

in

C
TX

_1
87

6_
H
E
R
2_

H
er

ce
pt

in

C
TX

_2
26

0_
H
E
R
2_

H
er

ce
pt

in

Construct

Compound

Cytokine
Z−score

−2

−1

0

1

2

Construct
UTD
CTX_1876
CTX_2260

Compound
MESO
HER2

UTD
RSM
RSMmut

A.

B.

C.

RSMmut

C.

F.

Syk MyD88

Death TIRKinaseSH2SH2

SH2 SH2 Death

RSMmut

Mutations in the SH2 
recruitment domains prevents 

localization of the RSM

Mutations in the RSM SH2 domains prevent ITAM localization and eliminate costimulation effect. A. 
Schematic of RSMmut. B. Expression of RSM (teal) vs. RSMmut (purple). C. Heat map of cytokine secretion 
demonstrating loss of MyD88 specific activation in RSMmut compared to RSM. All conditions were in the 
presence of Trastuzumab.

Construct

Stimulation

RSM

UT
D 

R
SM

0

500

1000

1500

2000

2500

T
N

F
a

 (
p

g
/m

L
)

UT
D 

R
SM

0

2000

4000

6000

C
C

L
1

 (
p

g
/m

L
)

UT
D 

R
SM

0

1000

2000

3000

IL
-6

 (
p

g
/m

L
)

MSLN

HER2

MSLN + Trastuzumab

HER2 + Trastuzumab

UT
D 

R
SM

0

5000

10000

15000

20000

25000

C
X

C
L

1
 (

p
g

/m
L

)

MSLN

HER2

MSLN + Trastuzumab

HER2 + Trastuzumab

0 12 24 36 48 60 72

0

1

2

3

4

Time (h)

In
te

g
ra

te
d

 I
n

te
n

s
it

y
 

(n
o

rm
a
li
z
e
d

 t
o

 0
h

r)

Au565 (HER2+)

UTD + Trastuzumab

RSM + Trastuzumab

Targets + Trastuzumab

UTD + IgG

RSM + IgG

Targets + IgG

0 12 24 36 48 60 72

0

2

4

6

Time (h)

In
te

g
ra

te
d

 I
n

te
n

s
it

y
 

(n
o

rm
a
li
z
e
d

 t
o

 0
h

r)

MDA468 (EGFR+)

UTD + Cetuximab

RSM + Cetuximab

Targets + Cetuximab

UTD + IgG

RSM + IgG

Targets + IgG

0 12 24 36 48 60 72

0

2

4

6

8

10

Time (h)

In
te

g
ra

te
d

 I
n

te
n

s
it

y
 

(n
o

rm
a
li
z
e
d

 t
o

 0
h

r)

Raji (CD20+)

UTD + Rituximab

RS + Rituximab

Targets + Rituximab

UTD + IgG

RSM + IgG

Targets + IgG

HER2

Control Protein

PBS

UT
D

R
SM

0

10

20

30

40

50

IL
-6

 (
p

g
/m

L
)

UT
D

R
SM

0

200

400

600

800

1000

T
N

F
α

 (
p

g
/m

L
)

HER2+Herceptin

CTRL+Herceptin

UT
D

R
SM

0

5

10

15

20

IL
-6

 (
p

g
/m

L
)

UT
D

R
SM

0

20

40

60

80

T
N

F
α

 (
p

g
/m

L
)

EGFR+Cetuximab

CTRL+Cetuximab

U
TD

R
S
M

0

10

20

30

40

50

IL
-6

 (
p

g
/m

L
)

U
TD

R
S
M

0

200

400

600

800

1000

T
N

F
α

 (
p

g
/m

L
)

HER2+

Herceptin

CTRL+

Herceptin

U
TD

R
S
M

0

5

10

15

20

IL
-6

 (
p

g
/m

L
)

U
TD

R
S
M

0

20

40

60

80

T
N

F
α

 (
p

g
/m

L
)

EGFR+

Cetuximab

CTRL+

Cetuximab

HER2

Control

PBS

HER2

PBS

Control


	Slide 1

