
● Macrophages and dendritic cells (DCs) share a myeloid progenitor cell origin and are involved in 
various immune responses, but the differences in their differentiation patterns are not fully 
understood

● Defects in this process can lead to infections and immune disorders 1
● The objectives of this study are to:

○ Identify the genes and functions involved in myeloid differentiation in response to three 
growth factors: M-CSF, GM-CSF, Flt3L

○ Characterize how the inflammatory context as modeled with different hyper-morphic NFkB 
mutants 2, 3 affects differentiation trajectories

1A) Introduction and Objectives
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Figure 1A. Myeloid differentiation from bone marrow progenitor cells grown in the presence of one 
of three growth factors: M-CSF, GM-CSF or Flt3L. To chart the respective differentiation pathways, 
transcriptomes were profiled at indicated time points by RNA-seq.

Figure 1B. Workflow for identifying gene programs involved in the differentiation of macrophages and DCs. The same workflow process 
was repeated when analyzing different growth factors or mutants in isolation, or when analyzing both together.

Figure 2B. Heatmap of gene expression levels for WT cells across time points, after stimulation with 
various growth factors. Demonstrates gene expression profiles shared between and specific to different 
growth factors. Includes an overview of the clusters’ gene functions, and codes for the top GO terms.

2) Growth Factors Induce Distinct Differentiation Trajectories 

1B) Data Analysis Workflow

3) NF𝛋B Mutations Alter Trajectories by Affecting the Expression Dynamics of Specific Genes 

Figure 2A. Principal component analysis (PCA) shows how growth factors determine gene expression 
programs during WT myeloid progenitor differentiation. PC1 represents a common time-axis, PC2 is 
GM-CSF-specific, PC3 separates M-CSF from Flt3L.

Positive Loadings: Extracellular Signaling and Structural Organization1,2

Negative Loadings: Leukocyte Activation and Movement3,4

1) GO:0060326, 2) GO:0050900, 3) GO:0032635, 4) GO:0002274, 5) GO:0032675 6) GO:0009615, 7) GO:0051607, 8) GO:0045089, 9) GO:0031589, 10) GO:0045229, 11) GO:0030198, 12) GO:0018126, 13) GO:0045229, 14) GO:0030198, 15) GO:0006935, 16) GO:0002695, 17) GO:1903706, 18) GO:0050863, 19) GO:0015849, 20) 
GO:0046942, 21) GO:0010332, 22) GO:0072331, 23) GO:0010660, 24) GO:0050867, 25) GO:0050727

1) GO:0031589, 2) GO:0030198, 3) GO:0002366, 4) GO:0002263, 5) GO: 1903037, 6) GO:0050900, 7) GO:0050900, 8) GO:0002237, 9) GO:0030198, 10) GO:0045229, 11) GO:0050900, 12) GO:0097529

1) GO:0030098, 2) GO:0033151, 3) GO:0002562, 4) GO:0042113, 5) GO:0051607, 6) GO:0035456, 7) GO:0009615, 8) GO:0035458, 9) GO:0071456, 10) GO:0035458, 11) GO:0048771, 12) GO:0034341, 13) 
GO:0097529, 14) GO:0050900, 15) GO:0070661, 16) GO:0046651, 17) GO:0032943, 18) GO:0022613, 19) GO:0042254, 20) GO:0002237, 21) GO:0071216, 22) GO:0002833, 23) GO:0045089, 24) 

GO:0007159, 25) GO:0070661, 26) GO:0050867, 27) GO:0022409, 28) GO:0051251, 29) GO:0001666, 30) GO:1903037, 31) GO:0002696

1) GO:0007159, 2) GO:0050900, 3) GO:0031214, 4) GO:0030282, 5) GO:0006898, 6) GO:0030500, 7) GO:0031589, 8) GO:0099173, 9) GO:0007264, 10) GO:0042330, 11) GO:0032943, 12) GO:0070661, 13) 
GO:0030098, 14) GO:0046651, 15) GO:0000819, 16) GO:0098813, 17) GO:0000280, 18) GO:0007059, 19) GO:0009615, 20) GO:0051607

Figure 3A. PCA comparing the first principal component of all genotypes and growth factors to the second and third components, respectively. 

Figure 3B. Heatmaps of K-means clustered genes showing changes in gene expression levels in different mutants after stimulation with 
various growth factors, over the course of nine days. Shows which clusters have shared, distinct and specific gene expression patterns in 
different genotypes. Includes an overview of the clusters’ gene functions, and codes for the top GO terms.

References

P
os

iti
ve

 L
oa

di
ng

s:
 E

xt
ra

ce
llu

la
r S

tru
ct

ur
e 

an
d 

Ti
ss

ue
 D

ev
el

op
m

en
t9,

 1
0

N
eg

at
iv

e 
Lo

ad
in

gs
: G

ra
nu

lo
cy

te
 C

he
m

ot
ax

is
, I

nf
la

m
m

at
or

y 
R

eg
ul

at
io

n11
, 1

2

P
os

iti
ve

 L
oa

di
ng

s:
 L

eu
ko

cy
te

 A
ct

iv
at

io
n 

an
d 

P
ro

lif
er

at
io

n5,
6

N
eg

at
iv

e 
Lo

ad
in

gs
: I

m
m

un
e 

R
es

po
ns

es
 to

 P
at

ho
ge

ns
7,

8

1) GO:0030098, 2) GO:0042113, 3) GO:1905954, 4) GO:0097006, 5) GO:0045807, 6) GO:1905952, 7) GO:0030168, 8) GO:0007599, 9) GO:0050817, 10) GO:0007596, 11) GO:0050727, 12) GO:0002237, 13) GO:0007422, 14) 
GO:0090288, 15) GO:0006935, 16) GO:0050900, 17) GO:0030595, 18) GO:0006935, 19) GO:0045229, 20) GO:0030198, 21) GO:0032943, 22) GO:0046651, 23) GO:0070661, 24) GO:0014909, 25) GO:0014812

The PCAs reveal that GM-CSF differentiation is 
unaffected by the inflammatory context. 

However, M-CSF’s differentiation is altered in 
the alpha mutant, and Flt3L’s differentiation is 

slowed substantially by the Nfkb1 mutation. The 
heatmaps identify gene clusters that are 

affected in each case.
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Nfkb1-specific

Genotype
Day

         WT                     alpha                    nfkb1
0 1 2 3 0 1 2 3 0 1 2 3

Cellular immune response 1, 2, 3, 4
distinct

GM-CSF

shared

Immune response 5, 6, 7, 8

Stimulus response 9, 10, 11, 12

Movement 13, 14

Immune cell activation 15, 16, 17

Ribosome creation 18, 19

Immune response 20, 21, 22, 23

Activation 24, 25, 26, 27

Activation and adhesion 28, 29, 30, 31
Replicate 1 21 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2

Genotype
Day

         WT                     alpha                    nfkb1
0 1 2 3 0 1 2 3 0 1 2 3
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distinct

Nfkb1-specific

Immune cell growth 1, 2

Movement 3, 4, 5, 6
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Immune response 11, 12

Response to stimuli 13, 14

Movement 15, 16, 17, 18

Cell structure 19, 20

Immune cell proliferation 21, 22, 23

Cell movement 24, 25

shared

FLT3L
Genotype

Day
         WT                     alpha                    nfkb1

0 1 2 3 0 1 2 3 0 1 2 3

Replicate 1 21 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2

Nfkb1-specific

Cellular movement 1, 2

Bone and tissue 
development 3, 4, 5, 6

Development 7, 8, 9, 10

Cell growth 11, 12, 13, 14

Cell division 15, 16, 17, 18

Immune response 19, 20

shared

M-CSF

Alpha-specific

Replicate

distinct

shared

FLT3 specific
M-CSF specific

GM-CSF specific

Growth Factor
Day          FLT3 ligand                          M-CSF                              GM-CSF

0 1 2 3 0 1 2 3 0 1 2 3

1 21 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2

Migration 1, 2

Activation 3, 4, 5

Anti-virus 6, 7, 

8Adhesion 9, 10, 11, 12

Extra-cellular matrix 13, 14

Regulate T-cells 15, 16, 17, 18

Metabolic transport 19, 20

Stress response 21, 22, 23

Immune activation 24, 25

Heatmap of Z-scored Gene Expression (Clustered by K-means)
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