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Background: Studies correlating reactogenicity and immunogenicity of COVID-19 vaccines are
limited to BNT162b2, with inconsistent results. We investigated whether adverse reactions af-
ter other COVID-19 vaccines reliably predict humoral responses.
Methods: Adult volunteers were recruited for homologous or heterologous prime-boost vacci-
nations with adenoviral (ChAdOx1, AstraZeneca) and/or mRNA (mRNA-1273, Moderna) vac-
cines administered either 4 or 8 weeks apart. Adverse effects were routinely solicited and
recorded by subjects in a standard diary card for up to 84 days post booster vaccination.
Anti-SARS-CoV-2 IgG titers were measured pre- (visit 1), and post-booster dose at days 14
(visit 2) and 28 (visit 3).
Results: A total of 399 participants (75% women) with a median age of 41 (interquartile range,
33e48 IQR) years were included. Vaccine-induced antibody titers at days 14 and 28 were signif-
icantly higher among subjects who reported local erythema, swelling, pain, as well as systemic
fever, chills, headache, myalgia, arthralgia, fatigue compared to those who did not experience
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local or systemic reactogenicity. Post-vaccination humoral responses did not correlate with the
occurrence of skin rash and correlated weakly with gastrointestinal symptoms. A significant
correlation between post-vaccination peak body temperature and anti-SARS-CoV-2 spike IgG
at Day 14, independent of vaccine type and schedule, was found.
Conclusion: Specific symptoms of reactogenicity such as post-vaccination injection site pain,
swelling, erythema and fever, myalgia and fatigue are significantly predictive of the magnitude
of the anti-SARS-CoV-2 antibody response.
Copyright ª 2022, Formosan Medical Association. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

The most important and readily measurable immunological
parameter in all vaccine clinical trials is antibody levels.1

For Coronavirus Disease 2019 (COVID-19) vaccines, binding
and neutralizing antibodies are thought to be potential
immune correlates of protection.2,3 However, for the
average layperson, it is common belief that adverse re-
actions after vaccination are predictive signs of a good
immune response; yet limited data is available.4 Vaccine
reactogenicity characterizes the physical manifestation of
the inflammatory response to a vaccine and can result in
injection site and systemic symptoms. Some symptoms can
be measured objectively, others are nonspecific and sub-
jective. There are many factors that can influence reac-
togenicity including host-derived factors include age,
gender, autoimmune disease, and extrinsic factors such as
dose number, injection technique, use of immunosuppres-
sants or non-steroidal anti-inflammatory drugs (NSAIDs).5,6

We have previously reported that heterologous ChAdOx1/
mRNA-1273 and homologous mRNA-1273/mRNA-1273 vacci-
nations provided higher immunogenicity in terms of higher
SARS-CoV-2 anti-spike IgG antibody levels than two doses of
ChAdOx1/ChAdOx1 vaccination (ClinicalTrials.gov number,
NCT05074368).7 Our results supported the efficacy of het-
erologous prime-boost vaccination using the ChAdOx1 and
mRNA-1273 COVID-19 vaccines.7 However, we observed
higher rates of solicited adverse effects (AEs) such as local
injection site pain, erythema, swelling as well as systemic
AEs such as fever, chills, headache, myalgia/arthralgia, fa-
tigue, after the second vaccine dose in heterologous
ChAdOx1/mRNA-1273 vaccination and homologous mRNA-
1273/mRNA-1273 vaccination groups compared with homol-
ogous ChAdOx1/ChAdOx1. Yet, we do not know if the SARS-
CoV-2 anti-spike IgG antibody titers post second vaccine dose
tracked consistently with all or some AEs and whether the
severity of the AEs could be a simple predictor of immuno-
genicity. In this present study, we investigated whether
there is an association between adverse reactions after
vaccination and corresponding humoral immune responses.

Methods

This is a post-hoc analysis of our previous study comparing
heterologous ChAdOx1/mRNA-1273 vaccination versus
385
standard homologous ChAdOx1/ChAdOx1 and mRNA-1273/
mRNA-1273 vaccination.7 The full protocol has been pub-
lished previously7. Briefly, the interventional trial was
conducted between July 1 to August 31, 2021, at two
medical centers located in northern Taiwan (National
Taiwan University Hospital and Taoyuan General Hospital),
and participant were aged 20e65 years, being generally
healthy or with stable pre-existing health conditions. They
had received one vaccine dose of either the adenoviral
vectored ChAdOx1 (AstraZeneca, UK) or messenger RNA
(mRNA)-1273 (Moderna, USA) vaccine and were enrolled in
the study for a second dose of homologous or heterologous
vaccine. There were four groups: Group 1 - homologous
ChAdOx1/ChAdOx1 (8 weeks interval), Group 2 - heterol-
ogous ChAdOx1/mRNA-1273 (8 weeks interval), Group 3 -
heterologous ChAdOx1/mRNA-1273 (4 weeks interval) and
Group 4 - homologous mRNA-1273/mRNA-1273 (4 weeks
interval). The SARS-CoV-2 anti-spike IgG antibody titers
were determined among all participants on the day before
booster vaccination, and at 2 and 4 weeks after booster
vaccination, with the use of Abbott SARS-CoV-2 IgG II Quant
assay (06S60, Abbott, USA). This assay, designed to measure
specific IgG antibodies to the receptor binding domain
(RBD) of S protein, is a chemiluminescent microparticle
immunoassays (CIMA) on the Architect i2000SR analyzer
(Abbott, USA). Results were reported as arbitrary units (AU)
per milliliter, and the cut-off value was 50.0 AU/mL. We
converted AU to binding antibody units (BAU) per milliliter
using the WHO international standard for SARS-CoV-2
immunoglobulin (BAU/mL Z 0.142*AU/mL). A standard
diary card was designed to evaluate the safety of vaccina-
tion according to WHO guidelines.

The neutralizing antibody titers in the serum were
determined by a 50% tissue culture infectious dose (TCID50)-
based neutralization method. Briefly, Vero E6 cells
(1 � 104 cells per well) were seeded in 96-well plates and
incubated in DMEM containing 10% FBS for 18e24 h. The
medium was replaced with 100 mL of fresh DMEM containing
2% FBS for 1 h before infection. Serum samples were inac-
tivated at 56 �C for 30 min before use. Serial two-fold di-
lutions of sera were mixed with an equal volume of 100
TCID50 SARS-CoV-2 virus suspension. The mixture was incu-
bated for 2 h at 37 �C. After that, the virus-antibody mixture
was transferred onto a monolayer of Vero E6 cells, and the
cells were incubated with the mixture for 3 days. Cells were
fixed with 10% formalin (HT501128, SigmaeAldrich, USA) and
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stained with 0.5% crystal violet (0528, VWR International,
USA). Serum neutralization titers (NT50) were calculated and
expressed as the reciprocals of the highest serum dilution
that inhibits 50% of cytopathic effects. The neutralization
titers for a panel of serum samples whose titers in IU/mL
have been determined after comparison with the WHO IS
sera (20/130, 20/136, and 20/268) was used. The results
from the reference panel were used to convert NT50 to IU/
mL for our test sera. Both B.1.1.7 (alpha) and the B.1.617.2
(delta) SARS-CoV-2 variants were used in the neutralizing
antibody test.

All participants were instructed to record any adverse
reactions in the standard diary card daily in the first week
after the second homologous or heterologous vaccine dose,
then weekly till 84 days after the second dose. The records
of the diary card were checked at each visit by the physi-
cian investigator and the frequency and severity of adverse
reactions were correlated with the antibody titers at 2 and
4 weeks after the second dose.

Antibody values were transformed to log values, and the
average values were expressed as geometric means with
95% confidence interval. ManneWhitney U Test was per-
formed to compare the antibody responses between
groups. All tests were 2-tailed and a P < 0.05 was consid-
ered statistically significant. All statistical analyses were
performed using STATA software version 14.0 (Stata Cor-
poration, College Station, TX, USA). The study was
approved by the Research Ethics Committee of the National
Taiwan University Hospital (202106039 MINA) and Tao Yuan
General Hospital (TYGH 110027), and all study participants
provided written informed consent.
Table 1 Anti-SARS-CoV-2 spike IgG (BAU/mL) titers at 14- and
n Z 399.

14 days

Gender Male (n Z 101) 1736.9 (1344.9e2
Female (n Z 298) 1474.7 (1257.3e1

Local erythema Yes (n Z 23) 3575.0 (2713.8e4
No (n Z 376) 1459.7 (1267.8e1

Local swelling Yes (n Z 41) 3256.6 (2591.7e4
No (n Z 358) 1410.4 (1218.8e1

Local Pain Yes (n Z 326) 1889.5 (1647.9e2
No (n Z 74) 611.4 (430.5e868

Fever � 38 �C Yes (n Z 136) 2894.0 (2479.5e3
No (n Z 263) 1108.1 (928.4e13

Arthralgia/arthritis Yes (n Z 31) 3236.4 (2621.5e3
No (n Z 368) 1443.6 (1250.2e1

Nausea/vomit Yes (n Z 22) 2652.3 (1588.9e4
No (n Z 377) 1488.9 (1294.7e1

Chills Yes (n Z 158) 2466.8 (2084.5e2
No (n Z 241) 1127.2 (936.5e13

Headache Yes (n Z 179) 1899.0 (1594.8e2
No (n Z 220) 1294.1 (1061.4e1

Myalgia Yes (n Z 292) 2067.9 (1803.2e2
No (n Z 107) 684.1 (511.5e914

Fatigue Yes (n Z 299) 1885.6 (1633.1e2
No (n Z 100) 834.3 (618.2e112

Systemic Rash Yes (n Z 30) 1786.4 (1065.8e2
No (n Z 369) 1518.4 (1319.1e1

IgG: immunoglobulin G, BAU/mL: binding antibody units/mL, CI: con

386
Results

As previously described, 399 individuals were enrolled, and
all completed the study.7 The median age of the vaccinees
was 41 years (interquartile range, 33e48 years) with 75%
being women. Baseline characteristics were balanced
across the four groups except for a higher ratio of male to
female in Group 4. However, the SARS-CoV-2 anti-spike IgG
antibody titers did not differ significantly between men and
women at day 14 or day 28 post 2nd vaccination dose.
During the study period, neither hospitalization nor acqui-
sition of SARS-CoV-2 infection occurred in any participants.
Local pain (81.7%), fatigue (74.9%) and myalgia (73.2%)
were the three most common AEs. Fever of at least 38 �C
occurred in 34.0% following vaccination, whilst 39.6%
experienced chills.

At 14 days after the second ChAdOx1 or mRNA-1273
vaccine dose, the SARS-CoV-2 anti-spike IgG antibody titers
were significantly higher for participants who reported
local injection site erythema, swelling, and pain, as well as
systemic AEs, such as fever, chills, headache, myalgia, and
fatigue (Table 1). Those who reported nausea and vomiting
(n Z 22/399) trended towards having higher antibody titers
than those who did not report this AE, but the difference
did not reach statistical significance (2652.3 vs. 1488.9,
p Z 0.055, BAU/mL). Overall, the anti-SARS-CoV-2 titers
peaked at 14 days post 2nd dose and decreased at 28 days.

At 28 days post vaccination, anti-SARS-CoV-2 antibody
titers remained significantly higher (2e2.5-fold higher)
among those with solicited local erythema (2126.1 vs. 992.6
28-days post second vaccine dose, geometric means (95%CI),

p-value 28 days p-value

243.0) 0.301 1192.3 (943.5e1506.7) 0.189
729.6) 989.3 (858.0e1140.6)
709.5) <0.001* 2126.1 (1624.7e2782.2) <0.001*
680.7) 992.6 (874.5e1126.6)
092.0) <0.001* 1939.8 (1557.2e2416.3) <0.001*
632.1) 967.2 (848.4e1102.6)
166.5) <0.001* 1236.7 (1092.7e1399.7) <0.001*
.1) 474.0 (345.9e649.6)
377.6) <0.001* 1791.0 (1552.9e2065.7) <0.001*
22.6) 781.2 (666.4e915.8)
995.5) <0.001* 1920.1 (1578.2e2336.2) <0.001*
666.9) 984.7 (865.2e1120.7)
427.5) 0.055 1599.8 (1003.1e2551.6) 0.090
712.2) 1011.3 (891.9e1146.6)
919.1) <0.001* 1544.4 (1326.3e1798.4) <0.001*
56.8) 800.3 (677.1e945.9)
261.2) 0.004* 1213.7 (1039.7e1416.9) 0.019*
577.7) 913.4 (763.1e1093.4)
371.4) <0.001* 1347.8 (1191.3e1524.9) <0.001*
.8) 508.8 (391.8e660.7)
177.1) <0.001* 1242.4 (1091.4e1414.2) <0.001*
5.8) 605.9 (463.4e792.1)
994.2) 0.534 1113.1 (712.4e1739.2) 0.745
747.7) 1031.3 (908.5e1170.7)

fidence interval.



Table 2 Sub-group analysis of anti-SARS-CoV2 spike IgG (BAU/mL) titers, geometric means (95%CI), 14 days post 2nd dose, according to vaccine group.

Group 1
ChAdOx1/ChAdOx1 (8w)
(n Z 100)

Group 2
ChAdOx1/mRNA-1273 (8w)
(n Z 100)

Group 3
ChAdOx1/mRNA-1273 (4w)
(n Z 100)

Group 4 mRNA/mRNA-1273 (4w)
(n Z 99)

Gender Male 184.8 (131.3e260.2) 1931.0 (1400.2e2663.0) 2921.2 (2243.9e3802.9) 3804.1 (3207.5e4511.6)
Female 196.5 (163.6e235.9) 2436.0 (2099.8e2826.0) 3393.9 (2949.5e3905.3) 3783.4 (3398.4e4211.9)
M: F 20: 80 19: 81 22: 78 40: 59
p-value 0.762 0.177 0.316 0.954

Local erythema Yes e 2628.4 (1441.2e4793.4) 3932.6 (1881.9e8217.9) 4409.7 (3111.1e6250.3)
No 194.1 (165.5e227.5) 2306.6 (2006.6e2651.4) 3246.2 (2863.0e3680.7) 3734.9 (3389.9e4115.0)
Y: N 0: 100 8: 92 6: 94 9: 90
p-value e 0.601 0.463 0.306

Local swelling Yes e 2125.5 (1458.8e3096.7) 3458.2 (2312.5e5171.7) 5368.8 (4124.4e6988.7)
No 194.1 (165.5e227.5) 2369.1 (2048.0e2740.5) 3253.9 (2859.0e3703.3) 3630.4 (3297.8e3996.5)
Y: N 0: 100 15: 85 15: 85 11: 88
p-value e 0.568 0.726 0.007*

Local pain Yes 209.0 (169.4e257.8) 2445.5 (2086.1e2866.8) 3243.2 (2860.2e3677.5) 3795.0 (3445.8e4179.7)
No 172.0 (134.2e220.3) 2033.1 (1576.8e2621.3) 4423.9 (2006.7e9753.0) 3729.7 (2712.3e5128.8)
Y: N 62: 38 74: 26 96: 4 93: 6
p-value 0.239 0.231 0.326 0.935

Fever � 38 �C Yes 155.4 (74.1e325.6) 2711.2 (2104.7e3492.5) 3433.0 (2920.1e4035.8) 3959.4 (3453.1e4540.0)
No 197.3 (167.3e232.9) 2170.7 (1853.5e2542.3) 3110.2 (2565.4e3770.6) 3672.7 (3233.8e4171.2)
Y: N 7: 93 32: 68 55: 45 42: 57
p-value 0.449 0.124 0.429 0.427

Arthralgia/arthritis Yes 667.5 (�) 3148.1 (2380.7e4162.9) 3345.6 (2308.0e4849.6) 4001.0 (2486.6e6437.7)
No 191.7 (163.5e224.6) 2245.8 (1941.4e2597.9) 3275.4 (2869.7e3738.6) 3776.2 (3432.6e4154.3)
Y: N 1: 99 11: 89 12: 88 7: 92
p-value 0.122 0.117 0.912 0.752

Nausea/vomit Yes 113.3 (5.3e2445.4) 2636.6 (1615.6e4302.9) 4278.6 (2614.5e7002.1) 4392.1 (2491.3e7743.2)
No 196.2 (167.0e230.6) 2309.3 (2005.6e2658.9) 3209.1 (2824.3e3646.3) 3762.2 (3421.5e4136.9)
Y: N 2: 98 7: 93 8: 92 5: 94
p-value 0.340 0.618 0.207 0.468

Chills Yes 190.8 (133.1e273.6) 2515.0 (2054.2e3079.2) 3608.9 (3038.3e4286.5) 4074.6 (3559.7e4663.8)
No 194.7 (162.7e233.0) 2160.1 (1805.7e2584.1) 2976.5 (2496.2e3549.1) 3603.7 (3174.8e4090.6)
Y: N 16: 84 50: 50 51: 49 41: 58
p-value 0.928 0.261 0.119 0.194

Headache Yes 207.4 (161.3e266.8) 2237.4 (1860.2e2691.1) 3446.8 (2803.4e3995.5) 3658.8 (3222.6e4153.9)
No 188.6 (153.9e231.2) 2445.5 (2001.6e2987.8) 3214.1 (2701.1e3824.5) 3892.8 (3408.6e4445.7)
Y: N 30: 70 54: 46 53: 47 42: 57
p-value 0.589 0.513 0.745 0.512

(continued on next page)

Jo
u
rn
a
l
o
f
th
e
F
o
rm

o
sa
n
M
e
d
ica

l
A
sso

cia
tio

n
122

(2023)
384

e
392

387



T
a
b
le

2
(c
o
n
ti
n
u
e
d
)

G
ro
u
p
1

C
h
A
d
O
x1

/C
h
A
d
O
x1

(8
w
)

(n
Z

10
0)

G
ro
u
p
2

C
h
A
d
O
x1

/m
R
N
A
-1
27

3
(8
w
)

(n
Z

10
0)

G
ro
u
p
3

C
h
A
d
O
x1

/m
R
N
A
-1
27

3
(4
w
)

(n
Z

10
0)

G
ro
u
p
4
m
R
N
A
/m

R
N
A
-1
27

3
(4
w
)

(n
Z

99
)

M
ya

lg
ia

Y
e
s

21
1.
5
(1
63

.5
e
27

3.
6)

23
39

.0
(1
97

0.
6
e
27

76
.2
)

33
56

.7
(2
96

3.
6
e
38

02
.0
)

37
77

.6
(3
41

9.
9
e
41

72
.7
)

N
o

18
0.
4
(1
47

.3
e
22

0.
8)

23
13

.5
(1
86

0.
4
e
28

77
.0
)

26
29

.6
(1
43

4.
6
e
48

20
.2
)

38
95

.9
(2
93

6.
0
e
51

69
.8
)

Y
:
N

46
:
54

68
:
32

91
:
9

87
:
12

p
-v
a
lu
e

0.
32

4
0.
94

0
0.
25

9
0.
83

0
F
a
ti
gu

e
Y
e
s

19
7.
3
(1
57

.5
e
24

7.
3)

24
10

.7
(2
02

5.
6
e
28

69
.2
)

32
26

.8
(2
84

9.
4
e
36

54
.1
)

37
74

.2
(3
40

3.
1
e
41

85
.8
)

N
o

19
0.
1
(1
51

.0
e
23

9.
5)

21
62

.3
(1
76

9.
6
e
26

42
.1
)

39
19

.5
(2
10

3.
2
e
73

04
.3
)

38
91

.0
(3
15

0.
7
e
48

05
.4
)

Y
:
N

55
:
45

69
:
31

92
:
8

84
:
15

p
-v
a
lu
e

0.
81

9
0.
45

8
0.
37

0
0.
81

5
Sy
st
e
m
ic

R
a
sh

Y
e
s

17
0.
7
(1
9.
3e

15
08

.3
)

21
88

.9
(1
41

4.
9
e
33

86
.2
)

34
39

.6
(1
96

6.
6
e
60

16
.0
)

36
35

.7
(2
11

5.
9
e
62

47
.1
)

N
o

19
5.
4
(1
68

.1
e
22

7.
1)

23
49

.0
(2
03

5.
6
e
27

10
.5
)

32
70

.5
(2
87

9.
0
e
37

15
.4
)

38
02

.0
(3
45

7.
4
e
41

81
.0
)

Y
:
N

5:
95

11
:
89

8:
92

6:
93

p
-v
a
lu
e

0.
87

2
0.
74

5
0.
82

6
0.
82

0

Ig
G
:
im

m
u
n
o
gl
o
b
u
li
n
G
,
B
A
U
/m

L:
b
in
d
in
g
a
n
ti
b
o
d
y
u
n
it
s/
m
L,

C
I:
co

n
fi
d
e
n
ce

in
te
rv
a
l.

A. Cheng, M.-J. Hsieh, S.-Y. Chang et al.

388
BAU/mL), swelling (1939.8 vs. 967.2 BAU/mL), pain (1236.7
vs. 474.0 BAU/mL) even though the first two AEs were re-
ported in less than 10% of vaccinees, indicating a strong
association of local reactogenicity with immunogenicity (all
p < 0.001). Systemic reactogenicity such as fever, fatigue
and myalgia continued to correlate with 2-fold higher
antibody titers at day 28 (p < 0.001) (Table 1). Subjects
reporting systemic arthralgia/arthritis and headache had
statistically higher antibody titers at day 28 than subjects
who did not have post-vaccination joint inflammation and
headache, but the difference was <2 fold (p < 0.001) and
<1.5 fold (p < 0.019), respectively. Those who experienced
gastrointestinal symptoms post vaccination still had on
average 1.5-fold greater antibody titers at day 28 but this
trend remained insignificant due to the small numbers
reporting this AE. The only AE that did not track at all with
the antibody response on days 14 or 28 was “systemic rash”,
with only 30/399 (7.5%) experiencing this solicited AE
(Table 1).

When comparing between the four groups at day 14 post
vaccination, remarkably no individual reported local in-
jection site erythema and swelling following a second dose
of homologous ChAdOx1 vaccine in Group 1, compared to
between 6 and 15 individuals per group after receiving a
second dose of mRNA-1273 vaccine in Groups 2e4. This lack
of local erythema and swelling corresponded to a log lower
antibody response in Group 1 compared to Groups 2e4
(194.1 vs. 2125.5e5368.8 BAU/mL) (Table 2). Local pain
however was common, solicited among 62e96% of vacci-
nees per group. Specifically, injection site pain was more
frequent when booster doses were given at a 1-month in-
terval (Groups 3e4) compared to a 2-month interval
(Groups 1e2) (94e96% vs 62e74%). Excluding Group 1 who
received boosting with ChAdOx1 vaccine and the effects of
different vaccine formulation on local inflammation, the
higher mean antibody levels of Groups 3 and 4 with higher
rates of injection site swelling compared to Group 2 (3458.2
and 5368.8 vs. 2125.5 BAU/mL) despite all receiving mRNA-
1273 boosters, would support a correlation between reac-
togenicity and immunogenicity.

Overall higher antibody titers were observed when the
second dose mRNA-1273 vaccine was delivered at 4 weeks
after the 1st dose (Groups 3 and 4) than at 8 weeks after
the 1st dose (Group 2). Within mRNA-1273 vaccine boosted
groups (Groups 2e4), the differences in antibody titers
between those with AEs and those without did not reach
statistical significance, except for local swelling in the ho-
mologous mRNA-1273 boosted subjects (Group 4), where
the geometric mean titers of those with and without local
swelling were 5368.8 vs. 3630.4, p Z 0.007, BAU/mL,
respectively.

To adjust for the difference in baseline antibody titers
pre-2nd dose, due to priming by ChAdOx-1 versus mRNA-
1273 vaccine, we calculated the difference in antibody
gains by subtracting the baseline titers obtained at the 1st
visit from the titers obtained at the 2nd (day 14) and 3rd
(day 28) visit post-2nd dose (Table 3). This supported a
correlation between immunogenicity and local and sys-
temic reactogenicity, with a significantly larger incremen-
tal rise in anti-SARS-CoV-2 titers among those with local
erythema, swelling, pain, fever, arthralgia/arthritis, chills,
headache, myalgia, and fatigue (Table 3). Comparing the



Table 3 Difference in anti-SARS-CoV2 anti-spike IgG (BAU/mL), geometric means (95%CI) at days 14 and 28 from baseline,
n Z 399.

Increase in titer at day 14 p-value Increase in titer at day 28 p-value

Gender Male (n Z 101) 1403.3 (1036.3e1900.2) 0.337 905.8 (682.1e1202.8) 0.271
Female (n Z 298) 1169.6 (965.3e1417.2) 744.4 (620.7e892.7)

Local erythema Yes (n Z 23) 3275.7 (2493.0e4304.1) <0.001* 1828.4 (1401.7e2384.9) <0.001*
No (n Z 376) 1153.3 (973.4e1366.3) 742.7 (632.7e871.8)

Local swelling Yes (n Z 41) 3015.3 (2413.0e3767.9) <0.001* 1711.6 (1389.5e2108.4) <0.001*
No (n Z 358) 1104.6 (926.3e1317.1) 716.5 (606.7e846.2)

Local pain Yes (n Z 326) 1562.5 (1330.8e1834.6) <0.001* 940.6 (803.4e1101.2) <0.001*
No (n Z 74) 406.9 (259.0e639.4) 330.6 (219.2e498.7)

Fever � 38� C Yes (n Z 136) 2706.0 (2309.2e3171.0) <0.001* 1576.0(1353.9e1834.5) <0.001*
No (n Z 263) 815.5 (657.0e1012.3) 542.9 (441.8e667.1)

Arthralgia/arthritis Yes (n Z 31) 3038.0 (2440.4e3782.0) <0.001* 1734.9 (1415.1e2127.0) <0.001*
No (n Z 368) 1134.5 (954.5e1348.4) 731.3 (621.0e861.2)

Nausea/vomit Yes (n Z 22) 2443.7 (1402.1e4259.2) 0.043* 1428.8 (855.5e2386.1) 0.060
No (n Z 377) 1176.5 (994.4e1391.8) 755.4 (644.4e885.6)

Chills Yes (n Z 158) 2149.6 (1757.8e2628.7) <0.001* 1295.5 (1073.8e1565.5) <0.001*
No (n Z 241) 845.9 (676.9e1057.2) 561.7 (454.4e694.3)

Headache Yes (n Z 179) 1617.5 (1313.9e1991.3) 0.002* 992.9 (820.8e1201.1) 0.004*
No (n Z 220) 976.0 (769.3e1238.2) 644.3 (512.6e809.9)

Myalgia Yes (n Z 292) 1734.2 (1474.3e2039.9) <0.001* 1082.2 (934.1e1253.9) <0.001*
No (n Z 107) 470.2 (328.5e672.9) 318.4 (222.1e456.3)

Fatigue Yes (n Z 299) 1577.4 (1330.5e1870.1) <0.001* 994.2 (849.8e1163.3) <0.001*
No (n Z 100) 576.6 (399.9e831.4) 381.3 (265.9e546.8)

Systemic Rash Yes (n Z 30) 1563.3 (857.7e2849.3) 0.399 947.7 (576.6e1557.7) 0.481
No (n Z 369) 1200.9 (1014.1e1422.0) 770.6 (656.0e905.2)

IgG: immunoglobulin G, BAU/mL: binding antibody units/mL, CI: confidence interval.
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change in titers above baseline instead of the absolute ti-
ters at day 14, even gastrointestinal AEs became signifi-
cantly associated with a greater increase in antibody
response (þ2443.7 vs. þ1176.5, p Z 0.043) (Table 3). The
change in IgG titers above baseline at visits 2 and 3 were
not significantly greater in those with systemic rash (e.g.,
urticaria) compared to those without rash (Table 3).

Since almost all severity gradings of AEs are subject to
individual perceptions, we used fever as an objective
measure. The plotted post-vaccination peak body temper-
atures and absolute antibody titers (Fig. 1a, Pearson’s co-
efficient 0.301, p < 0.001) and peak body temperatures
against relative change in antibody titers at day 14 (Fig. 1b,
Pearson’s coefficient 0.311, p < 0.001) support a modest
but significant correlation between magnitude of reac-
togenicity and immunogenicity independent of vaccine
type and schedule.

Lastly, the correlations between the neutralizing anti-
body titers against SARS-CoV-2 alpha and delta variants,
determined at day 28 from baseline in relation to AEs are
shown in Table 4. Vaccinees who experienced local pain,
and systemic AEs of fever, chills, myalgia and fatigue had
significantly higher neutralizing titers against both SARS-
CoV-2 variants tested (Table 4).

Discussion

In this study, increased reactogenicity (solicited local and
systemic adverse effects) predicted higher antibody re-
sponses but not all adverse effects were equally predictive
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of immunogenicity. Notably, skin rash (suggestive of an
idiosyncratic reaction or an atopic reaction) was not asso-
ciated with antibody titers. Nausea and vomiting were also
not as discerning for a robust antibody response. To our
knowledge, this is the first time we have clearly shown a
correlation between SARS-CoV-2 antibody titers and
COVID19-vaccine adverse reactions using heterologous
vaccines. Previous studies investigating immunogenicity
and reactogenicity of COVID-19 vaccines found inconsistent
results. One US-based study of 206 participants (64%
women) found no correlation of vaccine-associated symp-
tom severity scores and vaccine-induced antibody titers 1
month after 1st or 2nd dose vaccination with BNT162b2
(Pfizer/BioNTech).8 A smaller Croatian study (n Z 64, 77%
women) also studying the BNT162n2 (Pfizer/BioNTech) 2-
dose vaccine showed no statistically significant difference
in antibody titers among participants with or without self-
reported adverse reactions.9

Two additional Japanese studies that compared vaccine-
related adverse effects after the 1st and 2nd doses of ho-
mologous BNT162b2 coronavirus disease 2019 (COVID-19)
mRNA vaccination (Pfizer/BioNTech), altogether including
1024 subjects (646 and 378, respectively) found systemic
effects of fever and fatigue to be correlated with higher
antibody titers after the 2nd dose, and with higher age-
adjusted antibody titers at 3- and 6-months post 2nd-
dose.4,10 However, they did not find the post-vaccination
antibody titers to be significantly higher among those who
reported local reactions although titers were numerically
higher.4 Like our study, they did not find gastrointestinal



Figure 1 Correlation with post-vaccination peak body temperature and day 14 anti-SARS-CoV-2 spike IgG (BAU/mL). a. Antibody
titers at day 14 (V2) (left). b. Difference (V2eV1) in antibody titers before (Visit 1) and 14 days after the second vaccine dose (Visit
2) (right).
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symptoms to be predictive of greater immunogenicity but
surprisingly, vaccinees who reported gastrointestinal
symptoms after the first dose had numerically lower
vaccine-induced antibody titers.4 Altogether this suggests
that nausea and vomiting are “soft, less vaccine-specific
symptoms” compared to fever, fatigue, and myalgia.
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All previously published studies enrolled more women
than men and confirmed that women were more likely than
men to report adverse effects (8e11). Interestingly, a
German study that looked only at the differences in anti-
body titers among vaccinees with the most severe adverse
reactions (defined as needing to take “sick leave”)



Table 4 Difference in anti-SARS-CoV2 neutralizing titers (NT50) against the alpha and delta variants at day 28 from baseline,
n Z 138.

Neutralizing titers
against the alpha variant

p-value Neutralizing titers
against the delta variant

p-value

Gender Male (n Z 29) 78.49 (53.53e115.10) 0.838 17.85 (12.67e25.16) 0.578
Female (n Z 109) 80.74 (66.13e98.58) 20.18 (17.15e23.75)

Local erythema Yes (n Z 10) 126.5 (87.01e183.90) 0.281 24.68 (17.95e33.94) 0.677
No (n Z 128) 77.46 (64.34e93.26) 19.32 (16.54e22.57)

Local swelling Yes (n Z 17) 123.70 (98.46e155.3) 0.233 25.21 (19.76e32.15) 0.446
No (n Z 121) 75.53 (62.14e91.81) 18.99 (16.14e22.34)

Local Pain Yes (n Z 117) 88.83 (74.22e106.3) 0.017* 21.29 (18.31e24.75) 0.031*
No (n Z 21) 45.62 (26.55e78.41) 12.65 (8.08e19.81)

Fever � 38 �C Yes (n Z 57) 125.50 (106.70e147.60) <0.001* 27.75 (23.92e32.21) <0.001*
No (n Z 81) 58.60 (45.35e75.72) 15.43 (12.49e19.08)

Arthralgia/arthritis Yes (n Z 15) 131.40 (93.65e184.40) 0.119 29.60 (21.94e39.93) 0.102
No (n Z 123) 75.58 (62.49e91.41) 18.71 (15.97e21.92)

Nausea/vomit Yes (n Z 14) 95.04 (51.50e175.40) 0.482 23.58 (13.92e39.95) 0.393
No (n Z 124) 78.75 (65.47e94.71) 19.27 (16.53e22.46)

Chills Yes (n Z 67) 102.40 (82.32e127.50) 0.014* 24.03 (19.90e29.02) 0.018*
No (n Z 71) 63.76 (48.97e83.01) 16.28 (13.12e20.19)

Headache Yes (n Z 77) 88.02 (70.76e109.50) 0.432 21.09 (17.59e25.28) 0.445
No (n Z 61) 71.44 (53.54e95.31) 18.01 (14.15e22.92)

Myalgia Yes (n Z 106) 93.99 (78.33e112.80) 0.003* 22.40 (19.19e26.14) 0.003*
No (n Z 32) 47.58 (31.20e72.55) 12.79 (9.12e17.92)

Fatigue Yes (n Z 106) 89.09 (73.56e107.90) 0.038* 21.50 (18.36e25.18) 0.044*
No (n Z 32) 56.81 (37.93e85.10) 14.64 (10.36e20.68)

Systemic Rash Yes (n Z 13) 77.64 (42.11e143.20) 0.691 18.16 (11.84e27.87) 0.401
No (n Z 125) 80.54 (66.93e96.91) 19.83 (16.96e23.18)

NT50 - neutralizing titers determined by a TCID50-based neutralization method, were converted into IU/mL using a WHO reference panel.
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compared to those with no adverse reactions show a
striking gender difference, with men with severe adverse
reactions having a 1.5-fold higher SARS-CoV-2 anti-RBD
antibody titer than men without adverse reactions (median
7406 versus 4793, p < 0.001, AU/mL) whereas there was no
significant difference in antibody titers among women
(median 5892 versus 4628, p Z 0.28, AU/mL) with severe
adverse reactions compared to those without.11

The strength of this study is the comparison of many log-
fold difference in antibody titers, due to the large differ-
ences in immunogenicity between ChAdOx1 2nd dose
(Group 1) versus mRNA 2nd dose (Groups 2e4). This may
explain why we are able to observe a striking association
between reactogenicity and antibody levels, whilst previ-
ous study only analyzing antibody levels following homolo-
gous BNT162n2 (Pfizer/BioNTech) struggled to show a
significant difference. If we limit our analysis to only those
who received booster mRNA-1273 (Groups 2,3,4) the cor-
relation between reactogenicity and immunogenicity
become less pronounced.

As previous studies, if we were to analyze within a ho-
mologous group (e.g., Group 4 receiving two doses of mRNA
vaccination), we can no longer observe any difference in
antibody titers among those who reported injection site
pain, compared to those who did not (26,725.6 vs. 26,265.7
AU/ml). Grading of the pain, and whether there is an in-
crease in antibody titers with increasing severity of pain,
suggests this lack of difference is because only 6/99 patients
391
did not report injection site pain. Additionally, in terms of
injection site swelling, those in Group 4 who had local
swelling had more augmented antibody responses at days 14
and 28 compared to those who did not report local swelling.

Limitations of our study include 1. the lack of severity
grading of adverse effects to show any possible linear cor-
relation because most adverse effects were mild, 2. lack of
comparison of males and females independently given the
small number of male participants 3. lack of analysis on
vaccine-induced T-cell response in the context of adverse
reactions.
Conclusions

Using a mix of vaccine schedules combining homologous or
heterologous adenoviral or mRNA-1273 vaccines and
different intervals between the 1st and 2nd dose, we were
able to generate a wide range of spike protein targeted
antibody responses in an adult population with relatively
conserved genetic background. This study confirms a striking
relationship between adverse reactions and immunogenicity.
In addition, we were able to pinpoint certain local and sys-
temic features of reactogenicity such as local pain, swelling
and fever, fatigue, myalgia, that better predicted higher
SARS-CoV-2 spike IgG binding and neutralizing titers than
other less-dose-dependent adverse effects such as head-
ache, gastrointestinal symptoms, and skin rash.
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