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Receptors enable information transmission 
across the plasma membrane



TAM receptors: important 
yet poorly characterized
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Important effects on: 
• Metastasis 
• Resistance 
• Immunosuppression
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TAM receptors have widespread 
roles in immune regulation
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TAM receptors inhibit NK 
cell clearance
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Many viruses “play dead” for cell entry and immune suppression

TIM1 enhanced macropinocytic virus entry 
provided the first link between apoptotic 
mimicry and EBOV16,44,45. It was originally 
proposed that EBOV glycoproteins medi-
ate the association with TIM1 (REF. 16). 
However, recent studies showed that expo-
sure of phosphatidylserine on viral particles 
is essential for EBOV binding to TIM1 and 
subsequent virus entry15,19 (FIG. 1), dem-
onstrating that phosphatidylserine within 
the EBOV membrane was responsible for 

the phosphatidylserine receptor-mediated 
enhancement of infection. Consistent 
with this, phosphatidylserine-containing 
liposomes and annexin V can both inhibit 
TIM1-mediated enhancement of EBOV 
infection, as they compete for phosphatidyl-
serine receptors and mask phosphatidylserine, 
respectively15,19.

Members of the Flavivirus genus, such as 
DENV, West Nile virus (WNV) and yellow  
fever virus (YFV), are mosquito-borne 

enveloped RNA viruses that cause various 
medically relevant human diseases, includ-
ing haemorrhagic fever and encephalitis46. It 
was recently shown that ectopic expression 
of either TIM receptors (TIM1, TIM3 (also 
known as HAVR2) and TIM4 (also known 
as TIMD4)) or TAM receptors (AXL and 
TYRO3) enhanced flavivirus endocytosis 
through CME (A.A., unpublished observa-
tions) (FIG. 1) and that subsequent infection 
by all DENV serotypes, WNV and YFV was 

Figure 1 | Classic apoptotic mimicry. During classic apoptotic mimicry, 
a virus acquires host cell phosphatidylserine and incorporates it into the 
viral membrane. Exposed phosphatidylserine on the viral surface binds 
directly or indirectly to phosphatidylserine receptors, which facilitate virus 
entry or infection. Shown are several potential strategies that viruses may 
use to acquire phosphatidylserine in their membranes during assembly. 
Ebola virus (EBOV) has been shown to bud from plasma membrane micro-
domains, or lipid rafts, that are highly enriched for phosphatidylserine in 
the external leaflet. Furthermore, it has been proposed that vaccinia virus 
(VACV), which acquires its membrane within the host cytoplasm and exits 
host cells by inducing cell lysis, derives its membrane from endoplasmic 
reticulum (ER) sheets generated by the rupture of ER cisternae. Finally, 
dengue virus (DENV) and other flaviviruses derive their membrane via ER 
budding. Although these examples cover a range of mechanisms, it is also 
possible that phosphatidylserine enrichment is facilitated by the viral 
modulation of lipid flippases or of apoptosis (not illustrated). Recent 

evidence indicates that phosphatidylserine exposed on the viral surface 
binds to both direct phosphatidylserine receptors, such as T cell immuno-
globulin and mucin receptor (TIM) proteins, and indirect phosphatidylserine 
receptors, such as AXL and tyrosine protein kinase receptor 3 (TYRO3), 
which require phosphatidylserine-bridging molecules. Both EBOV and 
DENV have been shown to use both direct and indirect phosphatidylserine 
receptors, whereas VACV has only been shown to use the indirect receptor 
AXL. Whether EBOV and DENV can engage these various receptors simul-
taneously or whether VACV can use other phosphatidylserine receptors 
has not been determined. For some viruses, such as EBOV and VACV, 
engagement of phosphatidylserine receptors triggers their internalization 
by macropinocytosis. For other viruses, including DENV, binding of  
phosphatidylserine to receptors on the host cell surface induces clathrin-
mediated uptake, which is an alternative mechanism of endocytosis. After 
internalization, downstream signalling cascades promote additional steps 
of infection.
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How do TAMs function?



Conundrum: AXL does not robustly 
respond to ligand stimulation

MDA-MB-231 Meyer et al, Cell Sys, 2015
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Many RTKs can be considered as 
“ligand concentration sensors”

100 ng/mL EGF/IGF1, 50 ng/mL HGF, hMLE-Twist1 Kim, Meyer, et al, Mol Cell Proteomics, 2011

Time (min) Time (min) Time (min)



AXL responses to Gas6 stimulation 
are complex and dynamic
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PtdSer interaction is required 
for sustained AXL activation
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TAM ligands act as a 
receptor-PtdSer bridge
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TAM ligands act as a 
receptor-PtdSer bridge
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Differential equations allow us to 
map our knowledge to kinetics

Gas6

Ig1

Ig2



Differential equations allow us to 
map our knowledge to kinetics

[B
](t

) ÷
 [B

](t
 →

 ∞
)

0

0.5

1

Time
Gas6

Ig1

Ig2



TAM kinetic model enables mechanistic 
interpretation of kinetic response measurements
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Fit 
Assumed/defined 
Detailed balance

Ø

Ø
Endosomal recycling rate
(1 - fx)·krec
krec: 10-3–1 min-1

Endosomal degradation rate
fx·kdeg
kdeg: 10-2–1 min-1

Gas6: Cell surface autocrine Gas6
0.001–1 nM

Synthesis rate
E: 100–105 min-1

Endosomal rate
kint,1 + Sx·kint,2
kint1: 0.003–0.3 min-1

kint2: 0.03–0.3 min-1

Meyer et al, Cell Sys, 2015

TAM kinetic model enables mechanistic 
interpretation of kinetic response measurements



PtdSer exposure is a 
spatially localized process

Ruggiero et al, 2012

Exposed PtdSer 
Membrane
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A spatial model can test 
effect of ligand presentation
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Local stimulation results in 
greater overall AXL signaling
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Relocalization of AXL 
promotes autocrine activation

BT549
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Biphasic response to PtdSer emphasizes 
the importance of localization

AXL pY ~ Receptor density

Partition coefficient ≈ 5

Receptor rich fraction (x)
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AXL pY ~ Receptor density

Partition coefficient ≈ 5
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TAM receptor spatial sensing arises 
from ligand binding asymmetry

Low Gas6 High Gas6 Localized Gas6
AXL density

. All receptors bound at Ig1

. Ig2 affinity insufficient for activation
. Additional Gas6 fails to dimerize receptor
. Binding at Ig2 becomes inhibitory

. Ig1 drives receptor aggregation

. Ig2 then sufficient for dimerization

Meyer et al, Cell Sys, 2015



Expanding to all three TAMRs: 
combinatorial complexity makes 

modeling essential
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combinatorial complexity makes 

modeling essential
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Measuring TAM 
binding kinetics



TAM receptor-ligand affinities 
have been measured before

Demarest et al., 2013 
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   Low affinity Ig2



Separating the TAM Ig affinities 
reveals diverse binding models
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Individual Tyro3 affinities are consistent 
with overall receptor binding

Richards & Meyer, In prep.
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Model for all three receptors and 
one ligand
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Model for receptor decoy fragments provides 
specific predictions for inhibition specificity

Assume ligand in solution becomes bound with receptor fragment to equilibrium
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TAM Ig fragments can be used as a tool for 
probing the in vivo environment

*Should also have activity against ProS Richards & Meyer, In prep.
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Future plan: Use combinations of targeted 
TAM therapies to deconvolve their in vivo role
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Conclusions
• Each TAM shows striking diversity in its Ig domain 

affinities 

• Ig-specific targeting can decouple ligand binding 
and activation 

• Enormous complexity can underlie activation of 
even just a single, small receptor-ligand family



Systems approaches for rationally 
designing innate immune therapies 

TAM/other receptors



Systems approaches for rationally 
designing innate immune therapies 

TAM/other receptors

Innate immune receptors share 
molecular features 
• Signaling effects poorly understood

• Simultaneous signaling & trafficking 

• Activated through clustering rather 

than strictly ligand interaction



Time to link theory with data-driven analysis

Hlavacek, Posner, Perelson, Biophys J, 1999
In Fig. 6, results are shown for ligands with randomly

distributed sites. In each panel, we consider four ligands,
three with different numbers of sites and one with ordered
sites, all of which can be bound simultaneously by recep-
tors. The theoretical results, which are based on expressions
in Table 1, can be compared with the corresponding numer-
ical results. As can be seen, the theoretical expressions are
capable of predicting how insertion probabilities, and there-
fore steric effects, vary with the number of binding sites on
a ligand.

We have examined the accuracy of Eq. 10 in more detail
(unpublished results). We find that accuracy decreases as
either the fraction of sites bound i/n or the fraction of ligand
surface covered by receptors ia/A increases. In other words,
Eq. 10 is less accurate when the surface of the ligand is
tightly packed with receptors, as can be expected. Thus,
under conditions that favor close packing of receptors on the
ligand surface, such as a receptor concentration in excess of
ligand concentration or a large cross-linking constant, the
usefulness of Eq. 10 should be checked. We expect that the

results of this analysis are typical for the approximate ex-
pressions in Table 1, because all of these expressions were
derived by the same method.

Steric effects on ligand-receptor equilibria

Equilibrium cross-linking curves are shown in Fig. 7 for
cases where steric effects do and do not influence binding.
Cross-linking, as measured by !(2) or !(10) (Eq. 18), is
plotted as a function of ligand concentration for two ligands.
One ligand has ordered sites, which all can be bound simul-
taneously, and the other ligand has randomly distributed
sites, not all of which can be bound simultaneously, because
of potential for steric exclusion of ligand sites by bound
receptors. To ensure a controlled comparison, the two li-
gands are otherwise identical.

FIGURE 6 Insertion probabilities for ligands with randomly distributed
sites. The fraction of sites available for receptor binding, Pi(!) ! "(i)/n , is
plotted as a function of the fraction of sites bound, i/n . (A) Ligand sites are
distributed along a one-dimensional ring (Case 3 in Table 1); l/L ! 0.01.
(B) Ligand sites are distributed over a two-dimensional surface (Case 1 in
Table 1); a/A ! 0.01 and # ! 1. In each panel, the solid line corresponds
to a ligand with n ! 100, the broken line corresponds to a ligand with n !
50, and the dashed line corresponds to a ligand with n ! 20. The dotted line
corresponds to a ligand with sites ordered such that H(i) ! 1. Numerical
results are represented by points.

FIGURE 7 Equilibrium cross-linking curves. (A) !(2) and (B) !(10) are
plotted as a function of vKLT. The binding curves are determined by
solving Eq. 13 with the following parameter values: n ! 20, KxRT ! 10,
and vKCRT ! 1. The dotted line is for a ligand with ordered sites and H(i)
! 1. The broken and solid lines are for a ligand with sites distributed
randomly in two dimensions and H(i) " 1. To plot the broken line, we
calculate H(i) by using Eq. 10 with a/A ! 0.01. To plot the solid line, we
calculate H(i) by using Eq. 12 and the following values for Pi(!) for i !
1, . . . , 19: 0.9120, 0.8282, 0.7482, 0.6715, 0.598, 0.527, 0.458, 0.392,
0.328, 0.265, 0.205, 0.149, 0.100, 0.062, 0.037, 0.0216, 0.0119, 0.0060,
and 0.0024. These values are determined with the combinatoric algorithm
for the case where a is circular, A is square with periodic boundary
conditions, and a/A ! 0.01.
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Sets of resistance mechanisms can 
uncover conserved molecular regulation

Manole, Richards, Meyer, Canc Res, 2016
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in MDA-MB-231, in which we observed the association of AXL with
EGFR but not with IGF1R (fig. S6D).

On the basis of these data, we sought a quantitative framework to under-
stand the respective amounts of complexing observed between AXL and
eachRTKacross different cell lines.According to fundamental stoichiomet-
ric considerations, the amount of AXL observed in complex with a partic-
ular RTK in a particular cell line should be approximately the product of the
RTK abundance in that cell line, with proportionality described by coeffi-
cients constituting (i) the cross-linking and protein loading efficiency and
(ii) the antibody immunoprecipitation efficiencies and extent of colocaliza-
tion.Withmeasurements of RTKabundance and the amount cross-linked to
AXL, we determined the remaining parameters (see Materials and
Methods) to provide away to account for differences in receptor expression
when interpreting cross-linking data (fig. S6D). With this quantitative for-
mulation, we could then calculate whether the parameter characterizing
AXL/RTK colocalization deviated significantly from 0 for each RTK
(Fig. 6D). Significant deviation from 0 indicates colocalization. Despite
IGF1R and INSR being substantively abundant in various cell lines, the
calculated likelihood that they localized with AXL was not significant. Al-
though this parameter includes the efficiency of immunoprecipitating

IGF1R or INSR, we verified that these two receptors were detected with
similar efficiency both by direct ELISAof the same cell lysates and by quan-
tification of a recombinant standard.We additionally confirmed cross-linked
immunoprecipitation betweenAXLandEGFR to the exclusion of IGF1Rby
reciprocal immunoprecipitation in MDA-MB-231 (fig. S6E). Our quantita-
tive analysis framework ruled out the possibility that merely low abundance
of IGF1R and INSR was a trivial explanation for the absence of significant
colocalization. We therefore conclude that AXL is colocalized with ErbB,
MET, and PDGFR but not with IGF1R or INSR.

The amount of EGFR-AXL complex was much greater in MDA-MB-
231 than in other cell lines, likely as a result of the differences in abundance
of EGFR (Fig. 6C).MCF7 cells transfectedwithAXLand treatedwith EGF
showed no synergistic response characteristic of receptor transactivation,
consistent with the relatively little EGF-elicited signaling overall (fig.
S7A). We therefore considered whether we could predict the importance
of AXL transactivation induced by activation of RTKs other than EGFR.
MDA-MB-453 cells have large amounts of HER2 and HER3 in complex
withAXL, so our notionwould predict that AXL signalingmight contribute
to a heregulin (HRG)–stimulated response in these cells. We learned by
direct test, using AXL transfection and HRG treatment, that this is in fact

siAXL (test) siCtrl (training)
0

1

2

3

N
or

m
al

iz
ed

 p
ro

tr
us

io
n 

re
sp

on
se

–1.2

–1.2

–1.6

–2.0

–0.8

–0.8

–0.4
–0.4

0.4 0.8 1.2 1.6 2.0

0.4

0.8
pGSK3

pcJun

pIRS1

pSTAT3

pAkt

Principal component 1

Pr
in

ci
pa

l c
om

po
ne

nt
 2

MB-231 MB-157 MCF7 T47D

***

***

n.s.

n.s.

EGF HGF

B
X/Y loadingsA

C D
No inhibitor
0.3 µM R428

–400

0

400

800

1200

A
re

a 
ch

an
ge

 [u
m

2 ]

siControl
siAXL

***

n.s.

EGF     HGF

–400

0

400

800

1200

A
re

a 
ch

an
ge

 [u
m

2 ]

Fig. 5. AXL signaling is required for EGF-elicited protrusion. (A) Mean load-
ings of the reduced partial least-squares regression models. The red point
corresponds to theprojectionof the phenotype. Error bars indicate the SE for
the family of reducedmodels. (B) Protrusion predictions from reducedpartial
least-squares regressionmodels for wild-type (by cross-validation) and AXL
knockdown (by prediction) cells. Error bars indicate the SE of prediction

across the family of reduced models. (C) EGF-elicited protrusion response
of MDA-MB-231 cells upon AXL knockdown (***P < 0.001, Mann-Whitney
test; n= 13 to 25 from three independent experiments). (D) EGF-elicited pro-
trusion responses with or without 0.3 mM R428 (***P < 0.001, Mann-Whitney
test; n = 17 to 35 from three independent experiments). MDA-MB-231 and
MDA-MB-157 cells express AXL, whereas MCF7 and T47D cells do not.
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in MDA-MB-231, in which we observed the association of AXL with
EGFR but not with IGF1R (fig. S6D).

On the basis of these data, we sought a quantitative framework to under-
stand the respective amounts of complexing observed between AXL and
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tification of a recombinant standard.We additionally confirmed cross-linked
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tive analysis framework ruled out the possibility that merely low abundance
of IGF1R and INSR was a trivial explanation for the absence of significant
colocalization. We therefore conclude that AXL is colocalized with ErbB,
MET, and PDGFR but not with IGF1R or INSR.

The amount of EGFR-AXL complex was much greater in MDA-MB-
231 than in other cell lines, likely as a result of the differences in abundance
of EGFR (Fig. 6C).MCF7 cells transfectedwithAXLand treatedwith EGF
showed no synergistic response characteristic of receptor transactivation,
consistent with the relatively little EGF-elicited signaling overall (fig.
S7A). We therefore considered whether we could predict the importance
of AXL transactivation induced by activation of RTKs other than EGFR.
MDA-MB-453 cells have large amounts of HER2 and HER3 in complex
withAXL, so our notionwould predict that AXL signalingmight contribute
to a heregulin (HRG)–stimulated response in these cells. We learned by
direct test, using AXL transfection and HRG treatment, that this is in fact
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Fig. 5. AXL signaling is required for EGF-elicited protrusion. (A) Mean load-
ings of the reduced partial least-squares regression models. The red point
corresponds to theprojectionof the phenotype. Error bars indicate the SE for
the family of reducedmodels. (B) Protrusion predictions from reducedpartial
least-squares regressionmodels for wild-type (by cross-validation) and AXL
knockdown (by prediction) cells. Error bars indicate the SE of prediction

across the family of reduced models. (C) EGF-elicited protrusion response
of MDA-MB-231 cells upon AXL knockdown (***P < 0.001, Mann-Whitney
test; n= 13 to 25 from three independent experiments). (D) EGF-elicited pro-
trusion responses with or without 0.3 mM R428 (***P < 0.001, Mann-Whitney
test; n = 17 to 35 from three independent experiments). MDA-MB-231 and
MDA-MB-157 cells express AXL, whereas MCF7 and T47D cells do not.
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in MDA-MB-231, in which we observed the association of AXL with
EGFR but not with IGF1R (fig. S6D).
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stand the respective amounts of complexing observed between AXL and
eachRTKacross different cell lines.According to fundamental stoichiomet-
ric considerations, the amount of AXL observed in complex with a partic-
ular RTK in a particular cell line should be approximately the product of the
RTK abundance in that cell line, with proportionality described by coeffi-
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tion.Withmeasurements of RTKabundance and the amount cross-linked to
AXL, we determined the remaining parameters (see Materials and
Methods) to provide away to account for differences in receptor expression
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mulation, we could then calculate whether the parameter characterizing
AXL/RTK colocalization deviated significantly from 0 for each RTK
(Fig. 6D). Significant deviation from 0 indicates colocalization. Despite
IGF1R and INSR being substantively abundant in various cell lines, the
calculated likelihood that they localized with AXL was not significant. Al-
though this parameter includes the efficiency of immunoprecipitating

IGF1R or INSR, we verified that these two receptors were detected with
similar efficiency both by direct ELISAof the same cell lysates and by quan-
tification of a recombinant standard.We additionally confirmed cross-linked
immunoprecipitation betweenAXLandEGFR to the exclusion of IGF1Rby
reciprocal immunoprecipitation in MDA-MB-231 (fig. S6E). Our quantita-
tive analysis framework ruled out the possibility that merely low abundance
of IGF1R and INSR was a trivial explanation for the absence of significant
colocalization. We therefore conclude that AXL is colocalized with ErbB,
MET, and PDGFR but not with IGF1R or INSR.

The amount of EGFR-AXL complex was much greater in MDA-MB-
231 than in other cell lines, likely as a result of the differences in abundance
of EGFR (Fig. 6C).MCF7 cells transfectedwithAXLand treatedwith EGF
showed no synergistic response characteristic of receptor transactivation,
consistent with the relatively little EGF-elicited signaling overall (fig.
S7A). We therefore considered whether we could predict the importance
of AXL transactivation induced by activation of RTKs other than EGFR.
MDA-MB-453 cells have large amounts of HER2 and HER3 in complex
withAXL, so our notionwould predict that AXL signalingmight contribute
to a heregulin (HRG)–stimulated response in these cells. We learned by
direct test, using AXL transfection and HRG treatment, that this is in fact
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Fig. 5. AXL signaling is required for EGF-elicited protrusion. (A) Mean load-
ings of the reduced partial least-squares regression models. The red point
corresponds to theprojectionof the phenotype. Error bars indicate the SE for
the family of reducedmodels. (B) Protrusion predictions from reducedpartial
least-squares regressionmodels for wild-type (by cross-validation) and AXL
knockdown (by prediction) cells. Error bars indicate the SE of prediction

across the family of reduced models. (C) EGF-elicited protrusion response
of MDA-MB-231 cells upon AXL knockdown (***P < 0.001, Mann-Whitney
test; n= 13 to 25 from three independent experiments). (D) EGF-elicited pro-
trusion responses with or without 0.3 mM R428 (***P < 0.001, Mann-Whitney
test; n = 17 to 35 from three independent experiments). MDA-MB-231 and
MDA-MB-157 cells express AXL, whereas MCF7 and T47D cells do not.
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What does AXL do in cancer cells?
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in MDA-MB-231, in which we observed the association of AXL with
EGFR but not with IGF1R (fig. S6D).

On the basis of these data, we sought a quantitative framework to under-
stand the respective amounts of complexing observed between AXL and
eachRTKacross different cell lines.According to fundamental stoichiomet-
ric considerations, the amount of AXL observed in complex with a partic-
ular RTK in a particular cell line should be approximately the product of the
RTK abundance in that cell line, with proportionality described by coeffi-
cients constituting (i) the cross-linking and protein loading efficiency and
(ii) the antibody immunoprecipitation efficiencies and extent of colocaliza-
tion.Withmeasurements of RTKabundance and the amount cross-linked to
AXL, we determined the remaining parameters (see Materials and
Methods) to provide away to account for differences in receptor expression
when interpreting cross-linking data (fig. S6D). With this quantitative for-
mulation, we could then calculate whether the parameter characterizing
AXL/RTK colocalization deviated significantly from 0 for each RTK
(Fig. 6D). Significant deviation from 0 indicates colocalization. Despite
IGF1R and INSR being substantively abundant in various cell lines, the
calculated likelihood that they localized with AXL was not significant. Al-
though this parameter includes the efficiency of immunoprecipitating

IGF1R or INSR, we verified that these two receptors were detected with
similar efficiency both by direct ELISAof the same cell lysates and by quan-
tification of a recombinant standard.We additionally confirmed cross-linked
immunoprecipitation betweenAXLandEGFR to the exclusion of IGF1Rby
reciprocal immunoprecipitation in MDA-MB-231 (fig. S6E). Our quantita-
tive analysis framework ruled out the possibility that merely low abundance
of IGF1R and INSR was a trivial explanation for the absence of significant
colocalization. We therefore conclude that AXL is colocalized with ErbB,
MET, and PDGFR but not with IGF1R or INSR.

The amount of EGFR-AXL complex was much greater in MDA-MB-
231 than in other cell lines, likely as a result of the differences in abundance
of EGFR (Fig. 6C).MCF7 cells transfectedwithAXLand treatedwith EGF
showed no synergistic response characteristic of receptor transactivation,
consistent with the relatively little EGF-elicited signaling overall (fig.
S7A). We therefore considered whether we could predict the importance
of AXL transactivation induced by activation of RTKs other than EGFR.
MDA-MB-453 cells have large amounts of HER2 and HER3 in complex
withAXL, so our notionwould predict that AXL signalingmight contribute
to a heregulin (HRG)–stimulated response in these cells. We learned by
direct test, using AXL transfection and HRG treatment, that this is in fact
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Fig. 5. AXL signaling is required for EGF-elicited protrusion. (A) Mean load-
ings of the reduced partial least-squares regression models. The red point
corresponds to theprojectionof the phenotype. Error bars indicate the SE for
the family of reducedmodels. (B) Protrusion predictions from reducedpartial
least-squares regressionmodels for wild-type (by cross-validation) and AXL
knockdown (by prediction) cells. Error bars indicate the SE of prediction

across the family of reduced models. (C) EGF-elicited protrusion response
of MDA-MB-231 cells upon AXL knockdown (***P < 0.001, Mann-Whitney
test; n= 13 to 25 from three independent experiments). (D) EGF-elicited pro-
trusion responses with or without 0.3 mM R428 (***P < 0.001, Mann-Whitney
test; n = 17 to 35 from three independent experiments). MDA-MB-231 and
MDA-MB-157 cells express AXL, whereas MCF7 and T47D cells do not.
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Population average measurements do not 
capture cell-cell variation in response
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A subpopulation of AXL+ cells 
maintain bypass Erk/JNK activation
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Sets of resistance mechanisms can 
uncover conserved molecular regulation
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Far-future direction: A “bypass” receptor 
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