
 
 

Young infants display heterogeneous serological responses and extensive but 
reversible transcriptional changes following initial immunizations 
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Supplementary Figure 1: Antibody response in 2-month-old infants from bulk transcriptome cohort (A) 
and single sell cohort (B). Antibody titers (y-axis) before vaccination (day 0; orange triangles) and 
approximately 4 weeks later (green inverted triangles) against different vaccine antigens (x-axis) in each 
individual infant (n=19 with serologic responses from the first cohort and n=5 from the second cohort). An asterisk 
(*) indicates a significant difference of unadjusted p<0.05 (labels), calculated by a two-sided t-test. Ps: 
Pneumococcus, Rota: Rotavirus, Hep B: Hepatitis B, Dtxd: Diphtheria toxoid, HiB: Haemophilus influenza type 
b, Ptx: Pertussis toxin, FHA: Filamentous hemagglutinin, Prn: Pertactin. Please note that the antibody titers 
measured were slightly different in the two separate cohorts. 
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Supplementary Figure 2: Overview of single-cell gene expression analysis. (a) Dataset demographics: F: 
Female, M: Male, W: White, AA: African American. Ages are shown in months. (b) Overview of the computational 
pipeline. (c) Quality control metrics: number of reads per cell (left panel), number of expressed genes per cell 
(middle panel), and mitochondrial percentage (right panel) for each of the n=18 color-coded samples. Dashed 
lines indicate the thresholds used in quality control (Read count = 750; Genes count between 250 and 3500; and 
percentage of mitochondrial < 15%). (d) Number of cells before and after filtration, including doublet removal, 
quality control removal, and manual removal. (e) Proportion of cells per batch (left panel), per sample (middle 
panel), and in each individual infant (right panel) for each of the different cell types. 
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Supplementary Figure 3: Additional supporting UMAPs. (a) Automated reference-based (Stuart 2019) 
annotation results using Azimuth web application (Hao 2021). (b) UMAPs demonstrating good overlap between 
different samples (color-coded cells grouped by sample). 
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Supplementary Figure 4: CD4+ T cells supplementary panel. Subcluster (SC) and time-point color codes are 
shown in the top-left. (a) Proportion of cells per SC at each time point. (b) Proportion of cells at each time point 
for each SC and infant. (c) Venn-diagram showing the number of significantly differentially expressed genes 
(sDEGs) for each comparison among SCs per time point and regulation type (up/down-regulated). sDEGs are 
determined as those with a log2-fold-change>0.25 and adjusted p<0.05, calculated using two-sided Wilcoxon 
rank-sum tests. (d) Significant overlaps (determined by Fisher's exact test, p<0.05) between sDEGs and 
modules for each time point and regulation type within each SC. The odds ratio (color-bar legend) represents 
the strength of association, and the Jaccard index (legend circles) measures the similarity between two lists. 
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Supplementary Figure 5: CD8+ T cells supplementary panel. Subcluster (SC) and time-point color codes are 
shown in the top-left. (a) Proportion of cells per SC at each time point. (b) Proportion of cells at each time point 
for each SC and infant. (c) Interferon score comparison between color-coded CD4+ and CD8+ TCs per time 
point. Standard deviations indicate variation in scores across cells. Horizontal bars indicate the mean. Asterisk 
(*) indicates a significant difference of unadjusted p<0.05 calculated by a two-sided t-test. (d) Venn-diagram 
showing the number of significantly differentially expressed genes (sDEGs) for each comparison among SCs 
per time point and regulation type (up/down-regulated). sDEGs are determined as those with a log2-fold-
change>0.25 and adjusted p<0.05, calculated using two-sided Wilcoxon rank-sum tests. (e) Significant overlaps 
(determined by Fisher's exact test, p<0.05) between sDEGs and modules for each time point and regulation type 
within each SC. The odds ratio (color-bar legend) represents the strength of association, and the Jaccard index 
(legend circles) measures the similarity between two lists. 
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Supplementary Figure 6: B cells supplementary panel. Subcluster (SC) and time-point color codes are shown 
in the top-left. (a) Proportion of cells per SC at each time point. (b) Proportion of cells at each time point for each 
SC and infant. (c) Venn-diagram showing the number of significantly differentially expressed genes (sDEGs) for 
each comparison among SCs per time point and regulation type (up/down-regulated). sDEGs are determined as 
those with a log2-fold-change>0.25 and adjusted p<0.05, calculated using two-sided Wilcoxon rank-sum tests. 
(d) Significant overlaps (determined by Fisher's exact test, p<0.05) between sDEGs and modules for each time 
point and regulation type within each SC. The odds ratio (color-bar legend) represents the strength of 
association, and the Jaccard index (legend circles) measures the similarity between two lists. 
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Supplementary Figure 7: Vaccinated infants display an expansion of plasma cells expressing interferon-
stimulated genes at day 7 post-vaccination. (a) Expression levels of selected genes for each cell. Scaled 
interferon scores calculated for each cell are shown in the bottom row. Proportion of cells for each time point is 
indicated by a color-coded label on top. (b) Interferon scores calculated for each cell per time point. Error bars 
indicate standard deviation across cells, and the horizontal bar represents the mean. An asterisk (*) indicates a 
significant difference between two consecutive time points, determined using two-sided t-tests, with unadjusted 
p<0.05 (labels). The number of cells for each time point is shown by a color-coded label on top. (c) Average 
expression levels of the top 30 Interferon-stimulated genes (ISGs) per each time point. The color keys at the 
bottom represent gene associations. 
 

a

c
13 30 12

0.00

0.25

0.50

0.75

1.00

A B C
Time point

Sc
or

e

Interferonb

CD19

CD27

CD38

MZB1

PRDM1

XBP1

CCR10

TXNDC5

time_point time_point
0d
7d
2m

0

2

4

6

8

55 PCs

IFN-score

inflammation1~~~~~~~~~

interferon1~~~~~~~~~

−2

−1

0

1

2

inflammation1~~~~~~~~~

interferon1~~~~~~~~~

−2

−1

0

1

2

E
xp

re
ss

io
n

S
co

re
 (s

ca
le

d)

54.5% cells 21.8% cells23.6% cells

CD19
CD27
CD38
MZB1
JCHAIN
IGHM
IGHD
IGHE
IGHG1
IGHA1
PRDM1
XBP1
CCR9
CCR10
TXNDC5

time_point time_point
0d
7d
2m

0

2

4

6

8

10

12A B C Time point

Expression (z-score gene)

A
B
C

PS
M

B9
AI

M
2

ST
AT

1
TA

P1
G

AD
D4

5B
TN

FS
F1

0
O

AS
1

M
T2

A
UB

E2
L6

DR
AP

1
EP

ST
I1

IF
I3

5
AD

AR
BS

T2
ZB

P1
IS

G
15

SA
M

D9
L

LA
P3

O
AS

2
M

X1
SP

10
0

PA
RP

14
HS

H2
D

IR
F7

SP
11

0
ST

AT
2

UN
C9

3B
1

EI
F2

AK
2

LY
6E

SP
14

0
NC

O
A7

TR
IM

38
BT

N3
A1

TA
P2

TI
M

M
10

IF
I1

6
ZC

3H
AV

1
IS

G
20

W
AR

S
SA

M
D9

TR
IM

56

Module
Type

Ty
pe I I /

 II
II ND

M
od
ul
e

M
1.

2
M

3.
4

M
5.

12
−1−0

.5

00.
5

1

A B C

PSMB9
AIM2
STAT1
TAP1
GADD45B
TNFSF10
OAS1
MT2A
UBE2L6
DRAP1
EPSTI1
IFI35
ADAR
BST2
ZBP1
ISG15
SAMD9L
LAP3
OAS2
MX1
SP100
PARP14
HSH2D
IRF7
SP110
STAT2
UNC93B1
EIF2AK2
LY6E
SP140
NCOA7
TRIM38
BTN3A1
TAP2
TIMM10
IFI16
ZC3HAV1
ISG20
WARS
SAMD9
TRIM56M

odule
Type

Type
I
I / II
II
ND

Module
M1.2
M3.4
M5.12

−1

−0.5

0

0.5

1

IS
G

s2.3e-2 3.8e-3

A B C

PSMB9
AIM2
STAT1
TAP1
GADD45B
TNFSF10
OAS1
MT2A
UBE2L6
DRAP1
EPSTI1
IFI35
ADAR
BST2
ZBP1
ISG15
SAMD9L
LAP3
OAS2
MX1
SP100
PARP14
HSH2D
IRF7
SP110
STAT2
UNC93B1
EIF2AK2
LY6E
SP140
NCOA7
TRIM38
BTN3A1
TAP2
TIMM10
IFI16
ZC3HAV1
ISG20
WARS
SAMD9
TRIM56M

odule
Type

Type
I
I / II
II
ND

Module
M1.2
M3.4
M5.12

−1

−0.5

0

0.5

1

Module
Type



 
 
Supplementary Figure 8: Monocytes supplementary panel. Subcluster (SC) and time-point color codes are 
shown in the top-left. (a) Proportion of cells per SC at each time point. (b) Proportion of cells at each time point 
for each SC and infant. (c) Venn-diagram showing the number of significantly differentially expressed genes 
(sDEGs) for each comparison among SCs per time point and regulation type (up/down-regulated). sDEGs are 
determined as those with a log2-fold-change>0.25 and adjusted p<0.05, calculated using two-sided Wilcoxon 
rank-sum tests. (d) Significant overlaps (determined by Fisher's exact test, p<0.05) between sDEGs and 
modules for each time point and regulation type within each SC. The odds ratio (color-bar legend) represents 
the strength of association, and the Jaccard index (legend circles) measures the similarity between two lists. (e) 
MHC class I and II related genes expression pattern over time for each SC. The results are depicted in boxplots 
for all cells, in which the upper and lower bounds represent the 75% and 25% percentiles, respectively. The 
center bars indicate the medians, and the whiskers denote values up to 1.5 interquartile ranges above the 75% 
or below the 25% percentiles. The diamonds indicate the mean. An asterisk (*) indicates a significant difference 
between two consecutive time points, determined using two-sided t-tests, with unadjusted p<0.05. 
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Supplementary Figure 9: Natural killer cells supplementary panel. Subcluster (SC) and time-point color 
codes are shown in the top-left. (a) Proportion of cells per SC at each time point. (b) Proportion of cells at each 
time point for each SC and infant. (c) Venn-diagram showing the number of significantly differentially expressed 
genes (sDEGs) for each comparison among SCs per time point and regulation type (up/down-regulated). sDEGs 
are determined as those with a log2-fold-change>0.25 and adjusted p<0.05, calculated using two-sided Wilcoxon 
rank-sum tests. (d) Significant overlaps (determined by Fisher's exact test, p<0.05) between sDEGs and 
modules for each time point and regulation type within each SC. The odds ratio (color-bar legend) represents 
the strength of association, and the Jaccard index (legend circles) measures the similarity between two lists. 
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Supplementary Figure 10: Plasmacytoid dendritic cells (pDCs) and conventional dendritic cells (cDCs) 
panels. (a-b) Expression level of selected genes for each pDC (a) and cDC (b). Scaled interferon scores 
calculated for each cell are shown in the bottom row. Proportion of cells per each time point is shown by color-
coded label on top. (c-d) Interferon score calculated for each cell per time point for pDCs (c) and cDCs (d). Error 
bar indicates standard deviation. Horizontal bar indicates mean. An asterisk (*) indicates a significant difference 
between two consecutive time points, determined using two-sided t-tests, with unadjusted p<0.05 (labels). (e-f) 
Average expression levels of top 30 Interferon-stimulated genes (ISGs) per each time point for pDCs (e) and 
cDCs (f). The color keys on the bottom represent genes association. 
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Supplementary Figure 11: Stream plot for the visualization of 2D-augmented genes. Each ribbon spans 
three time-points A, B, and C (x-axis) and represents an augmented gene. The thickness of each ribbon (y-axis) 
indicates the proportion of cells expressing the given gene at each time point. Labels at the top-right indicate the 
number of identified augmented genes at time points B (orange), C (purple), or both B and C (yellow). 
 

11 0 0

23 0 1

1 0 2

11 0 0

33 0 3

35 0 2

23 1 6

13 0 0

20 0 2

26 0 0

12 2 11

11 0 1

5 5 2

4 0 0

11 1 0

20 0 1

16 0 0

16 0 1

6 0 4

21 0 0

19 2 8

Eryt_0

BC_0 BC_1 BC_2 BC_3 BC_4 PC_0 Mono_0 Mono_1 cDC_0 pDC_0

CD4_0 CD4_1 CD4_2 CD4_3 CD4_4 CD8_0 CD8_1 CD8_2 NKC_0 NKC_1

A B C
C

el
l f

ra
ct

io
na

l 
ab

un
da

nc
e Gene 1 

Gene 2 
Gene 3 
. 
. 
. 
Gene 29

Time point B  
(post-vaccination)

Time point C  
(post-vaccination)

Time point A 
(vaccination-day)

The proportion of cells 
expressing a given gene 

at each time point

Number of 2d-augmented genes at time point: B C B&C



 
 
Supplementary Figure 12: Gene 2-dimension augmentation supplementary panel. Average expression 
levels of 2D-augmented interferon-related genes (rows) are depicted for each subcluster and time point 
(columns). Hierarchical clustering generates row and column dendrograms. The color in the heatmap indicates 
the mean expression for each entry. The left-side color keys represent gene associations, while the top color 
key denotes sampling time points. 
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