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We performed a somewhat extensive outlier removal analysis to control for the possibility that V genes that were deemed significant by the FPCA-based test [1], yet do not show expression trajectories representative of a vaccine response, were driving our convergent signals. We looked through our data and found that there is a small set of instances where the V gene expression functions fit this description. Here, we seek to identify the reason for this strange behavior in the test and go on to remove these outlier V genes to see if they have any effect on the convergent signal that we originally observed. We restrict our analysis to V gene Kappa in the PBMC data, as this was the only case where we saw a significant convergent signal. 
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Figure 1. Plots of each gene expression function that were found to be significant by the FPCA-based test, for each patient. From left to right: patient 1, 2, 3, 4, and 5

Figure 1 shows the expression trajectories for each Kappa V gene that was identified as significant by the FPCA-based test, for each patient. One can see that the majority of these V genes exhibit expression trajectories characteristic of a vaccine response, while a small subset of the V genes exhibits a behavior of simply decreasing in expression. These V genes were exclusively identified in patient 2. We found that the first eigenfunction in patient 2 explained only ~70 % of the variance in the data (as compared to >90 % of variance explained by the first eigenfunction in most other patients). The FPCA-based test works by taking the top set of eigenfunctions that cumulatively explain at least 90 % of the variance in the data in order to characterize the prevailing signal. For patient 2, the first and second eigenfunctions together explained ~98 % of the variance, so these were the two that were used for this individual. For a given gene, the FPCA-based test then fits a linear combination of these two eigenfunctions such that it is the best fit to the observed data for that gene. It then asks if this linear combination of the top two eigenfunctions is a better fit to the data than just a constant function that is equal to the mean expression. 
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Figure 2. Plots of the first and second eigenfunctions (left and right, respectively) for patient 2.

	Figure 2 shows the first and second eigenfunctions for patient 2. One interpretation of these two eigenfunctions is that the first is capturing the signal from the V genes that are increasing in expression as a response to the vaccine and the second is capturing the signal from the V genes that are necessarily decreasing in expression as the TIV-responders rise in the sample. It so happens that certain linear combinations of the top two eigenfuctions in patient 2 can yield expression trajectories that do not track well with a vaccine response. We found that this only occurs for patient 2. In order to prevent this from happening, we restricted the FPCA-based test to only consider the first eigenfunction to characterize the prevailing signal in the data. We did this by setting the “FVE” threshold in the FPCA-based test to 0.70. That is, we made it so the FPCA-based test now takes the first set of eigenfunctions that cumulatively explain just 70 % of the variance in the data (as opposed to 90 % previously) to characterize the overall signal in the data. The effect of this is to force the test to only consider the first eigenfunction in its goodness of fit test, for each of the patients. Thus, eliminating the possibility of creating linear combinations of the first and second eigenfunctions that can yield strange expression trajectories. In general, this is ill-advised, as one is effectively missing out on up to 30 % of the signal in the data, which would cause the test to be underpowered. However, we reasoned that if we were to run the test in this fashion, and then still find a convergent signal in our downstream convergence test, then we can be relatively comfortable with our results. Indeed, we ran the FPCA-based test with FVE set to 0.70 and then ran our gene usage convergence test on the results, and found that our convergent signal remained (p = 0.007).
	While this is a drastic and broad way to singlehandedly remove all the outliers in the data (likely with significant collateral damage on statistical power), we next sought to be more precise and observe the effects of removing one outlier at a time. To do this we first created a list of genes that were found to be significant by the FPCA-based test for patient 2, yet exhibited expression trajectories that visually did not seem representative of a vaccine response.
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Figure 3. Plots of observed gene expression and estimated gene expression functions for each outlier gene identified. Black points are the observed gene expression values, and red lines are the fitted curves to these data. Genes are sorted by their associated p value from the FPCA based test, in descending order. V gene names from left to right: IGKV1-13, IGKV1-16, IGKV1-9, IGKV2-29, IGKV1D-8, IGKV1-5.

Figure 3 shows each of the identified expression trajectories. We then sorted these genes by their corresponding p values from the test, in descending order. Next, we set different numbers of the genes in this list to no longer be significant by the FPCA-based test and then observed the effect on our gene usage convergence test. More specifically, we started by making the first gene in this list no longer significant by the FPCA-based test and observed the results in our convergence test. We then made the first two genes in this list no longer significant and observed the results on the convergence test. Followed by making the first three genes to be no longer significant and observed the effects on the convergent signal, and repeated this until all the outlier genes were removed from the convergence analysis. 
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Figure 4. P value from the global gene usage convergence test after each round of outlier gene removal.

As Figure 4 shows, we found that our convergent signal is robust to the sequential removal of these outliers. 
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Figure 5. Plots of observed gene expression and estimated gene expression functions for each of the remaining significant V genes, after removal of all outliers. Black points are the observed gene expression values, and red lines are the fitted curves to these data. V gene names from left to right, top to bottom: IGKV1-6, IGKV1-27, IGKV1-33, IGKV1D-17, IGKV2-24, IGKV2D-28, IGKV3/OR2-268, IGKV3-7, IGKV3-11, IGKV3-20, IGKV3-NL1, IGKV3D-15, IGKV4-1, IGKV2D-30.

Figure 5 shows that the remainder of gene expression trajectories in patient 2, seem to fit a canonical vaccine response. 
	We conclude that the convergent signal that we detect for V gene Kappa in the PBMC data is a signal that is generated from the V genes that appear to be responding to the vaccine, and while the outlier genes that do not show gene expression trajectories characteristic of a vaccine response likely add noise to our test, they are not responsible for our original convergent signal.
	Another aspect of our results that rely on the output of the FPCA-based test is our test for convergent CDR3 response. Here we found that patient 1 and patient 4 in the B cell data had more similar TIV-responding CDR3 sequences than would have been expected by chance. We now wish to assess the possibility that this convergent signal was generated by CDR3 sequences that were found to be significant by the FPCA-based test, yet do not exhibit characteristic vaccine responding expression curves.
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Figure 6. Plots of the first eigenfunctions in the CDR3 sequence expression data for patients 1 (left) and 4 (right). The proportion of variance explained: 99.32 % (left) and 97.52 % (right).

We found that the first eigenfunctions in patient 1 and patient 4 explained 99.32 % and 97.52 % of the variance in the data, respectively (Figure 6). This means that the FPCA-based test would solely use the first eigenfunction in each of these patients for its goodness of fit test. Thus, a CDR3 sequence expression trajectory would have to match the shape of its corresponding first eigenfunction, and only this eigenfunction, to be deemed significant in either of these patients. While it would be too time-consuming to scan through each significant CDR3 sequence expression function to visually check that they are all exhibiting a characteristic vaccine response, it is extremely unlikely that any CDR3 expression function that does not recapitulate the general shape of its corresponding first eigenfunction would be found to be significant for these patients. Because of this, we conclude that the convergent signal observed between the CDR3 sequences of patient 1 and patient 4 in the B cell data is not influenced by CDR3 sequences falsely identified to be TIV-responding by the FPCA-based test.

References

1. Wu S, Wu H. More powerful significant testing for time course gene expression data using functional principal component analysis approaches. BMC Bioinformatics. 2013;14:6. 

image6.emf
Normalized Expression Level

-04 -0.2 0.0 0.2 0.4 0.6

-0.6

1st Eigenfunction

Time (days since vaccination)

10










0 2 4 6 8 10

−

0

.

6

−

0

.

4

−

0

.

2

0

.

0

0

.

2

0

.

4

0

.

6

1st Eigenfunction

Time (days since vaccination)

N

o

r

m

a

l

i

z

e

d

 

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image7.emf
Normalized Expression Level

0.4

0.2

0.0

-0.2

-0.4

2nd Eigenfunction

Time (days since vaccination)

10










0 2 4 6 8 10

−

0

.

4

−

0

.

2

0

.

0

0

.

2

0

.

4

2nd Eigenfunction

Time (days since vaccination)

N

o

r

m

a

l

i

z

e

d

 

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image8.emf
Expression Level

1.5e-05 2.0e-05

1.0e-05

IGKV1-13 Expression Trajectory

Time (days since vaccination)










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

1

.

0

e

−

0

5

1

.

5

e

−

0

5

2

.

0

e

−

0

5

IGKV1−13 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image9.emf
Expression Level

4e-06 6e-06 8e—-06

2e—06

IGKV1-16 Expression Trajectory

Time (days since vaccination)

10










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

2

e

−

0

6

4

e

−

0

6

6

e

−

0

6

8

e

−

0

6

IGKV1−16 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image10.emf
Expression Level

6.0e-06 8.0e-06 1.0e-05 1.2e-05 1.4e-05 1.6e-05

IGKV1-9 Expression Trajectory

Time (days since vaccination)










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

6

.

0

e

−

0

6

8

.

0

e

−

0

6

1

.

0

e

−

0

5

1

.

2

e

−

0

5

1

.

4

e

−

0

5

1

.

6

e

−

0

5

IGKV1−9 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image11.emf
Expression Level

6.0e-06 8.0e-06 1.0e-05 1.2e-05 1.4e-05

4.0e-06

IGKV2-29 Expression Trajectory

Time (days since vaccination)

10










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

4

.

0

e

−

0

6

6

.

0

e

−

0

6

8

.

0

e

−

0

6

1

.

0

e

−

0

5

1

.

2

e

−

0

5

1

.

4

e

−

0

5

IGKV2−29 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image12.emf
Expression Level

1.0e-05 1.5e-05

5.0e-06

IGKV1D-8 Expression Trajectory

Time (days since vaccination)










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

5

.

0

e

−

0

6

1

.

0

e

−

0

5

1

.

5

e

−

0

5

IGKV1D−8 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image13.emf
Expression Level

5e-05 6e-05 7e—05

4e-05

IGKV1-5 Expression Trajectory

Time (days since vaccination)










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

4

e

−

0

5

5

e

−

0

5

6

e

−

0

5

7

e

−

0

5

IGKV1−5 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image14.emf
—log,o p—Vvalue From Convergence Test

2.2

2.0

1.8

1.6

1.4

1.2

Outlier Removal

€ p-value from convergence test
= (.05 significance threshold

*

Number of Outlier Genes Removed From Convergence Analysis










0 1 2 3 4 5 6

1

.

2

1

.

4

1

.

6

1

.

8

2

.

0

2

.

2

Outlier Removal

Number of Outlier Genes Removed From Convergence Analysis

−

l

o

g

1

0

 

p

−

v

a

l

u

e

 

F

r

o

m

 

C

o

n

v

e

r

g

e

n

c

e

 

T

e

s

t

p−value from convergence test

0.05 significance threshold


image15.emf
Expression Level

1.0e-05 1.2e-05

2.0e-06 4.0e-06 6.0e-06 8.0e-06

IGKV1-6 Expression Trajectory

Time (days since vaccination)

10










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

2

.

0

e

−

0

6

4

.

0

e

−

0

6

6

.

0

e

−

0

6

8

.

0

e

−

0

6

1

.

0

e

−

0

5

1

.

2

e

−

0

5

IGKV1−6 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image16.emf
Expression Level

2.0e-05 3.0e-05 4.0e-05

1.0e-05

IGKV1-27 Expression Trajectory

Time (days since vaccination)










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

1

.

0

e

−

0

5

2

.

0

e

−

0

5

3

.

0

e

−

0

5

4

.

0

e

−

0

5

IGKV1−27 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image17.emf
IGKV1-33 Expression Trajectory

G0-90°¢ G0-98'T G0-°9'T SGO0-°Y'T G0-9C'T G0-°0'T 90-°0'8

[9AS7] uoissaldx3

10

Time (days since vaccination)









●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

8

.

0

e

−

0

6

1

.

0

e

−

0

5

1

.

2

e

−

0

5

1

.

4

e

−

0

5

1

.

6

e

−

0

5

1

.

8

e

−

0

5

2

.

0

e

−

0

5

IGKV1−33 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image18.emf
Expression Level

4e-06 6e—-06 8e-06 1le-05

2e—-06

IGKV1D-17 Expression Trajectory

Time (days since vaccination)










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

2

e

−

0

6

4

e

−

0

6

6

e

−

0

6

8

e

−

0

6

1

e

−

0

5

IGKV1D−17 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image19.emf
Expression Level

1.0e-05 1.5e-05 2.0e-05

5.0e-06

IGKV2-24 Expression Trajectory

Time (days since vaccination)

10










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

5

.

0

e

−

0

6

1

.

0

e

−

0

5

1

.

5

e

−

0

5

2

.

0

e

−

0

5

IGKV2−24 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image20.emf
Expression Level

8.0e-06 1.0e-05 1.2e-05 1.4e-05

6.0e-06

IGKV2D-28 Expression Trajectory

Time (days since vaccination)










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

6

.

0

e

−

0

6

8

.

0

e

−

0

6

1

.

0

e

−

0

5

1

.

2

e

−

0

5

1

.

4

e

−

0

5

IGKV2D−28 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image21.emf
Expression Level

1le-06 2e—-06 3e-06 4e-06 5e-06 6e—-06

O0e+00

IGKV3_OR2-268 Expression Trajectory

Time (days since vaccination)










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

0

e

+

0

0

1

e

−

0

6

2

e

−

0

6

3

e

−

0

6

4

e

−

0

6

5

e

−

0

6

6

e

−

0

6

IGKV3_OR2−268 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image22.emf
IGKV3-7 Expression Trajectory

. = O

_ _ _ _ _ _ _
G0-9¢¢ S0-°90°¢ S0-98'T SG0-°99'T GO0-°Y'T GO0-°C'T G0-°0'T

[9AS7] uoissaldx3

Time (days since vaccination)









●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

1

.

0

e

−

0

5

1

.

2

e

−

0

5

1

.

4

e

−

0

5

1

.

6

e

−

0

5

1

.

8

e

−

0

5

2

.

0

e

−

0

5

2

.

2

e

−

0

5

IGKV3−7 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image23.emf
Expression Level

3e-05 4e-05 5e-05 6e—-05

2e-05

IGKV3-11 Expression Trajectory

Time (days since vaccination)










●

●

●

● ●

●

●

●

●

●

●

0 2 4 6 8 10

2

e

−

0

5

3

e

−

0

5

4

e

−

0

5

5

e

−

0

5

6

e

−

0

5

IGKV3−11 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image24.emf
Expression Level

0.00006 0.00008 0.00010 0.00012

0.00004

IGKV3-20 Expression Trajectory

Time (days since vaccination)










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

0

.

0

0

0

0

4

0

.

0

0

0

0

6

0

.

0

0

0

0

8

0

.

0

0

0

1

0

0

.

0

0

0

1

2

IGKV3−20 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image25.emf
Expression Level

1.5e-05 2.0e-05

1.0e-05

IGKV3-NL1 Expression Trajectory

Time (days since vaccination)










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

1

.

0

e

−

0

5

1

.

5

e

−

0

5

2

.

0

e

−

0

5

IGKV3−NL1 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image26.emf
IGKV3D-15 Expression Trajectory

G0-90'9 S0-99'S G0-°90°'G G0-°9SY SG0-°0tv G0-99°€ S0-°0°€

[9AS7] uoissaldx3

10

Time (days since vaccination)









●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

3

.

0

e

−

0

5

3

.

5

e

−

0

5

4

.

0

e

−

0

5

4

.

5

e

−

0

5

5

.

0

e

−

0

5

5

.

5

e

−

0

5

6

.

0

e

−

0

5

IGKV3D−15 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image27.emf
Expression Level

2.0e-05 2.5e-05 3.0e-05

1.5e-05

IGKV4-1 Expression Trajectory

Time (days since vaccination)










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

1

.

5

e

−

0

5

2

.

0

e

−

0

5

2

.

5

e

−

0

5

3

.

0

e

−

0

5

IGKV4−1 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image28.emf
Expression Level

1.5e-05 2.0e-05 25e-05 3.0e-05 3.5e-05

1.0e-05

IGKV2D-30 Expression Trajectory

Time (days since vaccination)










●

●

●

●

●

●

●

●

●

●

●

0 2 4 6 8 10

1

.

0

e

−

0

5

1

.

5

e

−

0

5

2

.

0

e

−

0

5

2

.

5

e

−

0

5

3

.

0

e

−

0

5

3

.

5

e

−

0

5

IGKV2D−30 Expression Trajectory

Time (days since vaccination)

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image29.emf
Normalized Expression Level

0.6

0.4

0.2

0.0

-0.2

1st Eigenfunction

Time (days since vaccination)

10










0 2 4 6 8 10

−

0

.

2

0

.

0

0

.

2

0

.

4

0

.

6

1st Eigenfunction

Time (days since vaccination)

N

o

r

m

a

l

i

z

e

d

 

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image30.emf
Normalized Expression Level

0.6

0.4

0.2

0.0

-0.2

1st Eigenfunction

Time (days since vaccination)

10










0 2 4 6 8 10

−

0

.

2

0

.

0

0

.

2

0

.

4

0

.

6

1st Eigenfunction

Time (days since vaccination)

N

o

r

m

a

l

i

z

e

d

 

E

x

p

r

e

s

s

i

o

n

 

L

e

v

e

l


image1.emf
Expression Trajectories For Each Significant V Gene Kappa

Patient 1

S0-°¢

_ _
S0-9¢ G0-9°T

0 Aeq - uoissaldx3 suao A

00+90

10

Time (days since vaccination)









0 2 4 6 8 10

0

e

+

0

0

1

e

−

0

5

2

e

−

0

5

3

e

−

0

5

Expression Trajectories For Each Significant V Gene Kappa

Patient 1

Time (days since vaccination)

V

 

G

e

n

e

 

E

x

p

r

e

s

s

i

o

n

 

−

 

D

a

y

 

0


image2.emf
Expression Trajectories For Each Significant V Gene Kappa

Patient 2

S0-9¢

_ _
00+90 S0-9¢-

0 Aeq - uoissaldx3 suao A

S0—-9t-

10

Time (days since vaccination)









0 2 4 6 8 10

−

4

e

−

0

5

−

2

e

−

0

5

0

e

+

0

0

2

e

−

0

5

Expression Trajectories For Each Significant V Gene Kappa

Patient 2

Time (days since vaccination)

V

 

G

e

n

e

 

E

x

p

r

e

s

s

i

o

n

 

−

 

D

a

y

 

0


image3.emf
V Gene Expression — Day 0

0.00000 0.00005 0.00010 0.00015 0.00020 0.00025 0.00030

Expression Trajectories For Each Significant V Gene Kappa
Patient 3

Time (days since vaccination)

10










0 2 4 6 8 10

0

.

0

0

0

0

0

0

.

0

0

0

0

5

0

.

0

0

0

1

0

0

.

0

0

0

1

5

0

.

0

0

0

2

0

0

.

0

0

0

2

5

0

.

0

0

0

3

0

Expression Trajectories For Each Significant V Gene Kappa

Patient 3

Time (days since vaccination)

V

 

G

e

n

e

 

E

x

p

r

e

s

s

i

o

n

 

−

 

D

a

y

 

0


image4.emf
V Gene Expression — Day 0

le-05 2e-05 3e-05 4e-05 5e-05

0e+00

Expression Trajectories For Each Significant V Gene Kappa
Patient 4

Time (days since vaccination)

10










0 2 4 6 8 10

0

e

+

0

0

1

e

−

0

5

2

e

−

0

5

3

e

−

0

5

4

e

−

0

5

5

e

−

0

5

Expression Trajectories For Each Significant V Gene Kappa

Patient 4

Time (days since vaccination)

V

 

G

e

n

e

 

E

x

p

r

e

s

s

i

o

n

 

−

 

D

a

y

 

0


image5.emf
V Gene Expression — Day 0

5.0e-06 1.0e-05 1.5e-05

0.0e+00

Expression Trajectories For Each Significant V Gene Kappa
Patient 5

Time (days since vaccination)

10










0 2 4 6 8 10

0

.

0

e

+

0

0

5

.

0

e

−

0

6

1

.

0

e

−

0

5

1

.

5

e

−

0

5

Expression Trajectories For Each Significant V Gene Kappa

Patient 5

Time (days since vaccination)

V

 

G

e

n

e

 

E

x

p

r

e

s

s

i

o

n

 

−

 

D

a

y

 

0


