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Covaxin/BBV152 is a whole virion inactivated SARS-CoV-2 vaccine. The effect of
prime-boost vaccination with Covaxin on systemic immune responses is not known.
We investigated the effect of Covaxin on the plasma levels of a wide panel of cytokines and
chemokines at baseline (M0) and at months 1 (M1), 2 (M2) and 3 (M3) following prime-
boost vaccination in healthy volunteers. Our results demonstrate that Covaxin induces
enhanced plasma levels of Type 1 cytokines (IFNg, IL-2, TNFa), Type 2/regulatory
cytokines (IL-4, IL-5, IL-10 and IL-13), Type 17 cytokine (IL-17A), other pro-
inflammatory cytokines (IL-6, IL-12, IL-1a, IL-1b) and other cytokines (IL-3 and IL-7) but
diminished plasma levels of IL-25, IL-33, GM-CSF and Type 1 IFNs. Covaxin also induced
enhanced plasma levels of CC chemokine (CCL4) and CXC chemokines (CXCL1, CXCL2
and CX3CL1) but diminished levels of CXCL10. Covaxin vaccination induces enhanced
cytokine and chemokine responses as early as month 1, following prime-boost
vaccination, indicating robust activation of innate and adaptive immune responses in
vaccine recipients.
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INTRODUCTION

Covaxin/BBV152 is a whole virion inactivated vaccine formulated with a toll-like receptor ligand
adsorbed to alum (1–4). A phase I trial of Covaxin reported an acceptable safety profile and
enhanced immune responses. Neutralizing antibody responses remained elevated in all the
participants at 3 months after the second vaccination (5). Phase II trial of Covaxin reported
enhanced Th1 responses and antibody responses (6). Moreover, animal studies with this vaccine
demonstrated significantly high neutralizing antibody and high-antigen binding titers as well as
increased severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) specific IFNg producing
org October 2021 | Volume 12 | Article 7523971
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CD4+ T cells. Based on interim efficacy data from the Phase III
trial, Covaxin was approved for use in India. Thus far over 340
million doses of the vaccine have been administered.

Multiple studies have shown that long-term innate immune
responses can be either increased (trained immunity) or down-
regulated (innate immune tolerance) after certain vaccines or
infections (7–9). Since Covaxin is based on whole virus
inactivation combined with a toll-like receptor (TLR) agonist
and alum as adjuvants, it is to be expected that Covaxin would
induce systemic immune responses in vaccine recipients.
However, the nature of these systemic immune responses has
not been explored. We, therefore, examined the plasma levels of a
panel of cytokines and chemokines in vaccine recipients at
baseline and at monthly intervals following administration of
the prime-boost vaccine regimen.
MATERIALS AND METHODS

Study Population
We enrolled n=44 individuals (Table 1) with a median age of 36.
We had 31 males and 13 females, their median height was 169
cm and their median weight was 67 kg, among which one
individual had a history of contact with COVID-19 positive
case. We had 3 individuals with co-morbidities including type 2
diabetes or hypertension. All the vaccinated individuals had no
prior history of COVID-19 infection. The demographics of the
vaccinated individuals are shown in Table 1.

Study Procedure
The study recruited healthcare professionals and frontline
workers who received BBV152/Covaxin (Manufactured by
Bharat Biotech, Hyderabad in collaboration with the Indian
Council of Medical Research, India) at vaccination centres in
Chennai, India between February 2021 and May 2021. All adult
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participants of more than 18 years of age, who received two doses
of BBV152/Covaxin were eligible to participate in this study. The
prime dose was administered at baseline or M0 and the booster
dose was administered 28± 2 days later or M1. All participants
received both doses within the stipulated time points. Blood was
drawn at day 0 (baseline, before vaccination) (M0), day 28 ± 2
days post first dose (M1), day 56 ± 2 days post first dose (M2)
and day 86 ± 2 days post first dose (M3). The demographics of
the study population are shown in Table 1.

Multiplex Assays
Circulating plasma levels of cytokines and chemokines were
measured using the Luminex Human Magnetic Assay kit 45
Plex (R & D systems) using the BioRad Luminex multiplex
ELISA platform. The lowest detection limits for cytokines were
as follows: IFNg, 5.7 pg/mL; IL-2, 3.6 pg/mL; TNFa, 12.4 pg/mL;
IL-17A, 9 pg/mL; IL-6, 9.0 pg/mL; IL-12, 18.5 pg/mL; IL-1a, 10.6
pg/mL; IL-1b, 3.5 pg/mL; IL-4, 1.1 pg/mL; IL-5, 6.2 pg/mL; IL-
10, 32.2 pg/mL; IL-13, 31.8 pg/mL; IL-25, 18.4 pg/mL; IL-33, 13.8
pg/mL; IFNa, 3.9 pg/mL; IFNb 3.25 pg/mL; IL-3, 17 pg/mL; IL-7,
3.5 pg/mL; GM-CSF, 18.4 pg/mL; IL-1Ra, 11.7 pg/mL. The
lowest detection limits for chemokines were as follows: CCL2,
5.9 pg/mL; CCL3, 5.1 pg/mL; CCL4, 103.8 pg/mL; CCL5, 297 pg/
mL; CXCL1, 19.1 pg/mL; CXCL2, 21.1; CXCL10, 2.6 pg/mL and
CX3CL1, 188 pg/mL.

Statistical Analysis
Geometric means (GM) were used for measurements of central
tendency. Covaxin vaccinated group at day 0 (M0), month 1
(M1), month 2 (M2) and month 3 (M3) groups were analysed
using Kruskal Wallis test one-way ANOVA Multiple
comparisons were performed using Graph-Pad PRISM Version
9.0. Principal component analysis (PCA) was done using
statistical software JMP 14.0 (SAS, Cary, NC, USA).

Ethics Statement
The study was approved by the Ethics Committee of ICMR-
NIRT (NIRT-IEC No:2021007). Informed written consent was
received from all study individuals.
RESULTS

Covaxin Induces Enhanced Plasma Levels
of Type 1, Type 17, and Other
Pro-Inflammatory Cytokines
To examine the plasma levels of Type 1, Type 17 and other pro-
inflammatory cytokines following Covaxin prime-boost
administration, we compared the plasma levels of cytokines at M0,
M1, M2 and M3 following the first dose. As shown in Figure 1A,
plasma levelsofType1andType17cytokines, IFNg, IL-2,TNFaand
IL-17Awere significantly higher atM2andM3compared toM0and
M1. Similarly, as shown in Figure 1B, plasma levels of pro-
inflammatory cytokines – IL-6, IL-12, IL-1a and IL-1b were
significantly higher at M2 andM3 compared to baseline and M1.
TABLE 1 | Characteristics of the study cohort.

Study Demographics

Total number of participants 44
Age in years, median (Range) 36 (23 -60)
Gender (Male/Female) 30/14
Heart Rate (Beats/min), median 78
Respiratory Rate (Breaths/min) 19
BP (systolic), median 115
BP (diastolic), median 76
Height (cm), median 169
Weight (kg), median 67
Contact with COVID-19 Case 1
Tuberculosis 0
Diabetes mellitus 1
Hypertension 2
Cardiovascular disease 0
Chronic Obstructive Pulmonary Disease (COPD) 0
Dyslipidaemia 0
Immunological disease 0
Auto-Immune disease 0
BCG Scar 38
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Covaxin Induces Enhanced Plasma Levels
of Type 2/Regulatory Cytokines, IL-3 and
IL-7 but Diminished Plasma Levels of
IL-25, IL-33, IFNb, GM-CSF, and IL-1Ra
To examine the plasma levels of Type 2 cytokines and IL-25, IL-
33, IFNa and IFNb following Covaxin prime-boost
administration, we compared the plasma levels of cytokines
at M0, M1, M2 and M3 following the first dose. As shown in
Figure 2A, plasma levels of Type 2/regulatory cytokines, IL-4,
IL-5, IL-10 and IL-13 were significantly higher at M2 and M3
compared to M0 and M1. In contrast, as shown in Figure 2B,
plasma levels of IL-25, IL-33 and IFNb were significantly lower
at M2 and M3 compared to M0 and M1. Finally, as shown in
Figure 2C, plasma levels of IL-3 and IL-7 were significantly
higher whereas plasma levels of GM-CSF and IL-Ra were
significantly lower at M2 and M3 compared to M0 and M1.

Covaxin Induces Enhanced Plasma Levels
of CCL4 and CXC Chemokines
To examine the plasma levels of CC and CXC chemokines
following Covaxin prime-boost administration, we compared the
plasma levels of chemokines at M0, M1, M2 and M3 following the
Frontiers in Immunology | www.frontiersin.org 3
first dose. As shown in Figure 3A, while plasma levels of CCL2
were diminished, plasma levels of CCL4 were significantly
increased at M2 and M3 compared to M0 and M1. Similarly, as
shown in Figure 3B, while plasma levels of CXCL10 were
diminished, plasma levels of CXCL1, CXCL2, CX3CL1 were
significantly increased at Months 2 and 3 compared to baseline
and Month 1.
Plasma Cytokines and Chemokines Can
Distinguish Pre-Vaccinated From Post-
Vaccinated Immune Responses
We performed PCA (principal component analysis) of IFNg, IL-
2, TNFa, IL-17A, IL-1a, IFNb, IL-4, IL-5, IL-10, CCL4, CXCL1
and CXCL2 to determine the discriminatory power of plasma
cytokines and chemokines in distinguishing pre-vaccinated
responses (M0) from the responses induced at M3 following
vaccination (Figure 4). The two discrete clusters comprising of
vaccinated individuals were maintained at the M0 and M3
timepoints. The PCA shows the two principal components of
variation, accounting for 51.2% (x-axis) and 16.3% (y-axis). The
separation between M0 and M3 based on plasma cytokine
levels was also evident on PCA, which markedly demonstrates
A

B

FIGURE 1 | Covaxin induces elevated plasma levels of Type 1, Type 17 and other pro-inflammatory cytokines. (A) The plasma levels of Type 1 and Type 17
cytokines in Covaxin vaccinated individuals at baseline [before vaccination, M0] (n = 44) and month 1 following first dose [M1] (n = 44), month 2 following first dose
[M2] (n = 44) and month 3 following first dose [M3] (n = 44). (B) The plasma levels of other pro-inflammatory cytokines in Covaxin vaccinated individuals at baseline
[before vaccination, M0] (n = 44) and month 1 following first dose [M1] (n = 44), month 2 following first dose [M2] (n = 44) and month 3 following first dose [M3]
(n = 44). The data are represented as Box and whiskers scatter plots with each circle representing a single individual, p values were calculated using the Kruskal-
Wallis test t-test multiple comparisons.
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the ability of these markers to differentiate the systemic
immune responses.

Partial Association Between SARS-CoV-2
Neutralizing Antibodies and Immune
Parameters
We wanted to identify correlations between SARS-CoV-2
neutralizing antibodies and immune parameters. We used
Spearman’s correlation coefficients to determine the correlation
effect and data were visualized by heat map color intensity with
variables being ordered by hierarchical clustering. As shown in
Supplementary Figure 1. A multiparametric matrix correlation
plot showed strong correlations between levels of IL-2, IL-17A,
IL-4, IL-5 and neutralizing antibodies at M0. However, at M3 we
did not observe any correlation between the immune markers
and neutralizing antibodies.
Frontiers in Immunology | www.frontiersin.org 4
Age and Gender Do Not Have an Effect on
the Immune Parameters
We wanted to identify the effect of age and gender on the plasma
cytokine and chemokine responses to Covaxin. Median age was
determined as 36 and we compared the plasma levels of
cytokines and chemokines in vaccinees <36 and >36 at M0 and
M3 following the first dose. As shown in Supplementary
Table 1, plasma levels of cytokines and chemokines are not
statistically different between the two age groups. Next to
determine the effect of gender, we compared the plasma levels
of cytokines and chemokines in men and women at M0 and M3
following the first dose. As shown in Supplementary Table 2,
plasma levels of cytokines and chemokines are not statistically
different between the groups with the exception of CCL3, which
was shown to be statistically different between the men and
women at Month 0.
A

B

C

FIGURE 2 | Covaxin induces altered plasma levels of type Type 2/regulatory cytokines, type 1 interferons and other cytokines. (A) The plasma levels of Type 2/
regulatory cytokines in Covaxin vaccinated individuals at baseline [before vaccination, M0] (n = 44) and month 1 following first dose [M1] (n = 44), month 2 following
first dose [M2] (n = 44) and month 3 following first dose [M3] (n = 44). (B) The plasma levels of IL-25, IL-33 and type 1 interferons in Covaxin vaccinated individuals
at baseline [before vaccination, M0] (n = 44) and month 1 following first dose [M1] (n = 44), month 2 following first dose [M2] (n = 44) and month 3 following first
dose [M3] (n = 44). (C) The plasma levels of other cytokines in Covaxin vaccinated individuals at baseline [before vaccination, M0] (n = 44) and month 1 following first
dose [M1] (n = 44), month 2 following first dose [M2] (n = 44) and month 3 following first dose [M3] (n = 44). The data are represented as Box and whiskers scatter
plots with each circle representing a single individual, p values were calculated using the Kruskal-Wallis test t test multiple comparisons.
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DISCUSSION

Live attenuated vaccines, including BCG (Bacillus Calmette
Guerin) and MMR (measles, mumps and rubella) are known to
activate innate immune responses in addition to vaccine-specific
Frontiers in Immunology | www.frontiersin.org 5
immune responses, leading to a bystander or off-target effects on
the immune system (10–14). The role of COVID vaccines in
inducing such an effect remains unexplored. Covaxin is one of the
first whole virion inactivated vaccine approved for use against
SARS-CoV-2. As such, the immune responses engendered by this
vaccine is not completely described, unlike the wealth of data
available for the mRNA vaccines against COVID-19 (15–17).
Hence, we examined the influence of Covaxin on systemic
cytokine and chemokine response, which would reflect the
underlying activation of the innate and adaptive immune system
by the vaccine. Our data clearly delineate the kinetics of induction
of cytokine and chemokine responses in vaccinated individuals.
For the most part, the first dose of the vaccine does not induce any
significant changes in plasma cytokine and chemokine levels. It is
following the second (or booster) dose, that profound changes in
the plasma cytokine and chemokine levels are observed. In
addition, these alterations persist till the third month following
the prime-boost vaccination.

Type 1, Type 17 and pro-inflammatory cytokines (including
IL-6, IL-1 and IL-12) are known to play an important role in host
immunity to viral infections (18–23). Published studies have
reported that, Type 1, Type 17 and pro-inflammatory cytokines
may confer long-lasting immune memory against novel
coronaviruses (24, 25). In addition, recent studies have also
reported that in mRNA-based vaccine (BNT162b2) also elicit
better cytokine and chemokine response after 1st and 2nd dose of
vaccination in SARS-CoV-2 naive individuals (Bergamaschi C
et al. Cell Rep Aug 2021). Therefore, our finding that all of the
cytokines examined in the above groups are elevated at a month
A

B

FIGURE 3 | Covaxin induces elevated plasma levels of CC and CXC chemokines. (A) The plasma levels of CC chemokines in Covaxin vaccinated individuals at
baseline [before vaccination, M0] (n = 44) and month 1 following first dose [M1] (n = 44), month 2 following first dose [M2] (n = 44) and month 3 following first dose
[M3] (n = 44). (B) The plasma levels of CXC chemokines in Covaxin vaccinated individuals at baseline [before vaccination, M0] (n = 44) and month 1 following first
dose [M1] (n = 44), month 2 following first dose [M2] (n = 44) and month 3 following first dose [M3] (n = 44). The data are represented as box and whiskers scatter
plots with each circle representing a single individual, p values were calculated using the Kruskal-Wallis test t-test multiple comparisons.
FIGURE 4 | PCA analysis to estimate the discriminatory power of immune
markers in Covaxin vaccinated individuals before and after vaccination. PCA
(Principal component analysis) plot computing normalized ELISA data from
plasma levels of selected cytokines and chemokines in vaccinated individuals
at baseline [M0], before vaccination (Coloured in blue) vs month 3 [M3]
following vaccination (Coloured in red).
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following booster vaccination suggests the efficient induction of
protective cytokine responses following Covaxin vaccination. In
addition, while not protective in nature, we also observed
induction of Type 2 and regulatory cytokines following prime-
boost vaccination in vaccinated individuals. We postulate this to
reflect the use of Alum as an adjuvant in the inactivated vaccine
since Alum is a known inducer of Type 2 cytokines (26, 27). The
effect of Type 2/regulatory cytokine induction in vaccinated
individuals needs to be explored further. We also observed the
induction of two cytokines with growth-promoting effects – IL-3
and IL-7. While IL-3 is a growth factor for hematopoietic
progenitor cells (28), IL-7 is a growth factor for T cells (29),
indicating that Covaxin might have off-target effects on
progenitor cells as well. Similar to BBV152, other mRNA
COVID-19 vaccines BNT162b1 and mRNA-1273 also elicited
a profound cytokine response after two doses on vaccination
indicating that these vaccines have the potential to protect
against COVID-19 infection (30, 31). Interestingly, the only
cytokines that were observed to be diminished in our study
were IFNb, GM-CSF and IL-1a. Again, the effect of diminished
induction of these particular cytokines needs to examined
further. While there are a number of studies in children
showing that BCG scar can modulate pro-inflammatory
responses, studies have not shown an effect of the BCG scar on
cytokine responses in the adult population (32, 33).

CC and the CXC family of chemokines are known to play a
vital role in host immunity to viral infections (34–37). These
chemokines act by inducing the activation and migration of innate
and adaptive immune effectors to the site of infection (38). Our
data clearly reflect the elevated induction of CCL4, CXCL1,
CXCL2 and CX3CL1, indicating the activation of innate
immune cells by Covaxin. Interestingly, we also observed
diminished plasma levels of CCL2 and CXCL10 following
vaccination, the implications of which are not known currently.
Nevertheless, the increased production of certain chemokines
following prime-boost vaccination with Covaxin reflects the
robust induction of host immunity that is of protective nature
by this inactivated vaccine.

Our study has several limitations. We only examined systemic
levels of cytokines and chemokines and did not examine vaccine-
specific or ligand-specific immune responses. Our findings also
suggested that there is no association between age and gender and
cytokine responses at M0 and M3, indicating that the induction or
reduction of different cytokines or chemokines are not correlated
with the either age or gender. Our study is purely descriptive
without any mechanistic underpinnings. However, despite these
limitations, our study is one of the first, to our knowledge, to
describe the induction of systemic cytokine and chemokine
responses following COVID-19 vaccination. This data has
important implications in terms of understanding the nature of
the systemic immune response engendered by COVID-19
vaccines and its effect on bystander immune responses.
Biomarkers we have reported in this study can be used as the
surrogates of vaccine-induced innate and adaptive protective
responses and these biomarkers could also help in the
improvement of vaccine efficacy and pertinence
Frontiers in Immunology | www.frontiersin.org 6
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of ICMR-NIRT. The patients/
participants provided their written informed consent to
participate in this study.
AUTHOR CONTRIBUTIONS

SB, CP, and NK designed the study. NK and AN conducted the
experiments. NK, KD, GC, and AN acquired data. NK and AN
analyzed data. SB, CP, and KD contributed reagents and also
revised subsequent drafts of the manuscript. CP, MM, VB, AM,
and SM were responsible for the enrolment of the participants
and also contributed to acquisition and interpretation of clinical
data. SB and NK wrote the manuscript. All authors read and
approved the final manuscript.
FUNDING

This work was supported by the Indian Council of Medical
Research (ICMR).
ACKNOWLEDGMENTS

We thank the staff members of the Department of Immunology,
ICER department and department of clinical research for the
timely help. We thank the data entry operators Mr. Jaiganesh and
Mr. Vigneshwaran. We greatly thank all the study participants.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
752397/full#supplementary-material

Supplementary Figure 1 | Relationship between Immune markers and SARS-
CoV-2 neutralizing antibodies. Multiparametric matrix correlation plot of immune
markers and SARS-CoV-2 specific antibodies in all individuals at M0 and M3.
Spearman’s correlation coefficients are visualized by colour intensity. P values and
spearman r values are ordered by hierarchical clustering.
October 2021 | Volume 12 | Article 752397

https://www.frontiersin.org/articles/10.3389/fimmu.2021.752397/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.752397/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kumar et al. Covaxin and Cytokines/Chemokines
REFERENCES
1. Ganneru B, Jogdand H, Daram VK, Das D, Molugu NR, Prasad SD, et al. Th1

Skewed Immune Response of Whole Virion Inactivated SARS CoV 2 Vaccine
and its Safety Evaluation. iScience (2021) 24(4):102298. doi: 10.1016/
j.isci.2021.102298

2. Yadav PD, Ella R, Kumar S, Patil DR, Mohandas S, Shete AM, et al.
Immunogenicity and Protective Efficacy of Inactivated SARS-CoV-2
Vaccine Candidate, BBV152 in Rhesus Macaques. Nat Commun (2021) 12
(1):1386. doi: 10.1038/s41467-021-21639-w

3. Philbin VJ, Dowling DJ, Gallington LC, Cortes G, Tan Z, Suter EE, et al.
Imidazoquinoline Toll-Like Receptor 8 Agonists Activate Human Newborn
Monocytes and Dendritic Cells Through Adenosine-Refractory and Caspase-
1-Dependent Pathways. J Allergy Clin Immunol (2012) 130(1):195–204.e9.
doi: 10.1016/j.jaci.2012.02.042

4. Shukla NM, Salunke DB, Balakrishna R, Mutz CA, Malladi SS, David SA.
Potent Adjuvanticity of a Pure TLR7-Agonistic Imidazoquinoline Dendrimer.
PloS One (2012) 7(8):e43612. doi: 10.1371/journal.pone.0043612

5. Ella R, Reddy S, Jogdand H, Sarangi V, Ganneru B, Prasad S, et al. Safety and
Immunogenicity of an Inactivated SARS-CoV-2 Vaccine, BBV152: Interim
Results From a Double-Blind, Randomised, Multicentre, Phase 2 Trial, and 3-
Month Follow-Up of a Double-Blind, Randomised Phase 1 Trial. Lancet Infect
Dis (2021) 21(7):950–61. doi: 10.1016/S1473-3099(21)00070-0

6. Ella R, Vadrevu KM, Jogdand H, Prasad S, Reddy S, Sarangi V, et al. Safety
and Immunogenicity of an Inactivated SARS-CoV-2 Vaccine, BBV152: A
Double-Blind, Randomised, Phase 1 Trial. Lancet Infect Dis (2021) 21(5):637–
46. doi: 10.1016/S1473-3099(20)30942-7

7. Netea MG, Dominguez-Andres J, Barreiro LB, Chavakis T, Divangahi M,
Fuchs E, et al. Defining Trained Immunity and its Role in Health and Disease.
Nat Rev Immunol (2020) 20(6):375–88. doi: 10.1038/s41577-020-0285-6

8. Netea MG, Giamarellos-Bourboulis EJ, Dominguez-Andres J, Curtis N, van
Crevel R, van de Veerdonk FL, et al. Trained Immunity: A Tool for Reducing
Susceptibility to and the Severity of SARS-CoV-2 Infection. Cell (2020) 181
(5):969–77. doi: 10.1016/j.cell.2020.04.042

9. Giamarellos-Bourboulis EJ, Tsilika M, Moorlag S, Antonakos N, Kotsaki A,
Dominguez-Andres J, et al. Activate: Randomized Clinical Trial of BCG
Vaccination Against Infection in the Elderly. Cell (2020) 183(2):315–23.e9.
doi: 10.1016/j.cell.2020.08.051

10. Marin-Hernandez D, Nixon DF, Hupert N. Heterologous Vaccine
Interventions: Boosting Immunity Against Future Pandemics. Mol Med
(2021) 27(1):54. doi: 10.1186/s10020-021-00317-z

11. O'Neill LAJ, Netea MG. BCG-Induced Trained Immunity: Can it Offer
Protection Against COVID-19? Nat Rev Immunol (2020) 20(6):335–7. doi:
10.1038/s41577-020-0337-y

12. Cirovic B, de Bree LCJ, Groh L, Blok BA, Chan J, van der VeldenW, et al. BCG
Vaccination in Humans Elicits Trained Immunity via the Hematopoietic
Progenitor Compartment. Cell Host Microbe (2020) 28(2):322–34.e5. doi:
10.1016/j.chom.2020.05.014

13. Zimmermann P, Perrett KP, van der Klis FR, Curtis N. The
Immunomodulatory Effects of Measles-Mumps-Rubella Vaccination on
Persistence of Heterologous Vaccine Responses. Immunol Cell Biol (2019)
97(6):577–85. doi: 10.1111/imcb.12246

14. Chumakov K, Avidan MS, Benn CS, Bertozzi SM, Blatt L, Chang AY, et al. Old
Vaccines for New Infections: Exploiting Innate Immunity to Control COVID-
19 and Prevent Future Pandemics. Proc Natl Acad Sci USA (2021) 118(21).
doi: 10.1073/pnas.e2101718118

15. Kyriakidis NC, Lopez-Cortes A, Gonzalez EV, Grimaldos AB, Prado EO.
SARS-CoV-2 Vaccines Strategies: A Comprehensive Review of Phase 3
Candidates. NPJ Vaccines (2021) 6(1):28. doi: 10.1038/s41541-021-00292-w

16. Forni G, Mantovani ACovid-19 Commission of Accademia Nazionale dei
Lincei R. COVID-19 Vaccines: Where We Stand and Challenges Ahead. Cell
Death Differ (2021) 28(2):626–39. doi: 10.1038/s41418-020-00720-9

17. Tregoning JS, Brown ES, Cheeseman HM, Flight KE, Higham SL, Lemm NM,
et al. Vaccines for COVID-19. Clin Exp Immunol (2020) 202(2):162–92. doi:
10.1111/cei.13517

18. Costela-Ruiz VJ, Illescas-Montes R, Puerta-Puerta JM, Ruiz C, Melguizo-Rodriguez
L. SARS-CoV-2 Infection: The Role of Cytokines in COVID-19 Disease. Cytokine
Growth Factor Rev (2020) 54:62–75. doi: 10.1016/j.cytogfr.2020.06.001
Frontiers in Immunology | www.frontiersin.org 7
19. Velazquez-Salinas L, Verdugo-Rodriguez A, Rodriguez LL, Borca MV. The
Role of Interleukin 6 During Viral Infections. Front Microbiol (2019) 10:1057.
doi: 10.3389/fmicb.2019.01057

20. Catanzaro M, Fagiani F, Racchi M, Corsini E, Govoni S, Lanni C. Immune
Response in COVID-19: Addressing a Pharmacological Challenge by
Targeting Pathways Triggered by SARS-CoV-2. Signal Transduct Target
Ther (2020) 5(1):84. doi: 10.1038/s41392-020-0191-1

21. Fajgenbaum DC, June CH. Cytokine Storm. N Engl J Med (2020) 383
(23):2255–73. doi: 10.1056/NEJMra2026131

22. Mogensen TH, Paludan SR. Molecular Pathways in Virus-Induced Cytokine
Production. Microbiol Mol Biol Rev (2001) 65(1):131–50. doi: 10.1128/
MMBR.65.1.131-150.2001

23. Beltra JC, Decaluwe H. Cytokines and Persistent Viral Infections. Cytokine
(2016) 82:4–15. doi: 10.1016/j.cyto.2016.02.006

24. Gong F, Dai Y, Zheng T, Cheng L, Zhao D, Wang H, et al. Peripheral CD4+ T
Cell Subsets and Antibody Response in COVID-19 Convalescent Individuals.
J Clin Invest (2020) 130(12):6588–99. doi: 10.1172/JCI141054

25. Sherina N, Piralla A, Du L, Wan H, Kumagai-Braesch M, Andrell J, et al.
Persistence of SARS-CoV-2-Specific B and T Cell Responses in Convalescent
COVID-19 Patients 6-8 Months After the Infection. Med (N Y) (2021) 2
(3):281–95.e4. doi: 10.1016/j.medj.2021.02.001

26. Petrovsky N. Comparative Safety of Vaccine Adjuvants: A Summary of
Current Evidence and Future Needs. Drug Saf (2015) 38(11):1059–74. doi:
10.1007/s40264-015-0350-4

27. Reed SG, Orr MT, Fox CB. Key Roles of Adjuvants in Modern Vaccines. Nat
Med (2013) 19(12):1597–608. doi: 10.1038/nm.3409

28. Moldenhauer A, Genter G, Lun A, Bal G, Kiesewetter H, Salama A.
Hematopoietic Progenitor Cells and Interleukin-Stimulated Endothelium:
Expansion and Differentiation of Myeloid Precursors. BMC Immunol
(2008) 9:56. doi: 10.1186/1471-2172-9-56

29. Rathmell JC, Farkash EA, Gao W, Thompson CB. IL-7 Enhances the Survival
and Maintains the Size of Naive T Cells. J Immunol (2001) 167(12):6869–76.
doi: 10.4049/jimmunol.167.12.6869

30. Sahin U, Muik A, Derhovanessian E, Vogler I, Kranz LM, Vormehr M, et al.
COVID-19 Vaccine BNT162b1 Elicits Human Antibody and TH1 T Cell
Responses. Nature (2020) 586(7830):594–9. doi: 10.1038/s41586-020-2814-7

31. Anderson EJ, Rouphael NG, Widge AT, Jackson LA, Roberts PC, Makhene M,
et al. Safety and Immunogenicity of SARS-CoV-2mRNA-1273 Vaccine in Older
Adults. N Engl J Med (2020) 383(25):2427–38. doi: 10.1056/NEJMoa2028436

32. Mawa PA, Webb EL, Filali-Mouhim A, Nkurunungi G, Sekaly RP, Lule SA,
et al. Maternal BCG Scar is Associated With Increased Infant
Proinflammatory Immune Responses. Vaccine (2017) 35(2):273–82. doi:
10.1016/j.vaccine.2016.11.079

33. Biering-Sorensen S, Jensen KJ, Aamand SH, Blok B, Andersen A, Monteiro I,
et al. Variation of Growth in the Production of the BCG Vaccine and the
Association With the Immune Response. An Observational Study Within a
Randomised Trial. Vaccine (2015) 33(17):2056–65. doi: 10.1016/j

34. Alcami A, Lira SA. Modulation of Chemokine Activity by Viruses. Curr Opin
Immunol (2010) 22(4):482–7. doi: 10.1016/j.coi.2010.06.004

35. Khalil BA, Elemam NM, Maghazachi AA. Chemokines and Chemokine
Receptors During COVID-19 Infection. Comput Struct Biotechnol J (2021)
19:976–88. doi: 10.1016/j.csbj.2021.01.034

36. Melchjorsen J, Sorensen LN, Paludan SR. Expression and Function of
Chemokines During Viral Infections: From Molecular Mechanisms to In
Vivo Function. J Leukoc Biol (2003) 74(3):331–43. doi: 10.1189/jlb.1102577

37. Alcami A. Viral Mimicry of Cytokines, Chemokines and Their Receptors. Nat
Rev Immunol (2003) 3(1):36–50. doi: 10.1038/nri980

38. Esche C, Stellato C, Beck LA. Chemokines: Key Players in Innate and Adaptive
Immunity. J Invest Dermatol (2005) 125(4):615–28. doi: 10.1111/j.0022-
202X.2005.23841.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
October 2021 | Volume 12 | Article 752397

https://doi.org/10.1016/j.isci.2021.102298
https://doi.org/10.1016/j.isci.2021.102298
https://doi.org/10.1038/s41467-021-21639-w
https://doi.org/10.1016/j.jaci.2012.02.042
https://doi.org/10.1371/journal.pone.0043612
https://doi.org/10.1016/S1473-3099(21)00070-0
https://doi.org/10.1016/S1473-3099(20)30942-7
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.1016/j.cell.2020.04.042
https://doi.org/10.1016/j.cell.2020.08.051
https://doi.org/10.1186/s10020-021-00317-z
https://doi.org/10.1038/s41577-020-0337-y
https://doi.org/10.1016/j.chom.2020.05.014
https://doi.org/10.1111/imcb.12246
https://doi.org/10.1073/pnas.e2101718118
https://doi.org/10.1038/s41541-021-00292-w
https://doi.org/10.1038/s41418-020-00720-9
https://doi.org/10.1111/cei.13517
https://doi.org/10.1016/j.cytogfr.2020.06.001
https://doi.org/10.3389/fmicb.2019.01057
https://doi.org/10.1038/s41392-020-0191-1
https://doi.org/10.1056/NEJMra2026131
https://doi.org/10.1128/MMBR.65.1.131-150.2001
https://doi.org/10.1128/MMBR.65.1.131-150.2001
https://doi.org/10.1016/j.cyto.2016.02.006
https://doi.org/10.1172/JCI141054
https://doi.org/10.1016/j.medj.2021.02.001
https://doi.org/10.1007/s40264-015-0350-4
https://doi.org/10.1038/nm.3409
https://doi.org/10.1186/1471-2172-9-56
https://doi.org/10.4049/jimmunol.167.12.6869
https://doi.org/10.1038/s41586-020-2814-7
https://doi.org/10.1056/NEJMoa2028436
https://doi.org/10.1016/j.vaccine.2016.11.079
https://doi.org/10.1016/j
https://doi.org/10.1016/j.coi.2010.06.004
https://doi.org/10.1016/j.csbj.2021.01.034
https://doi.org/10.1189/jlb.1102577
https://doi.org/10.1038/nri980
https://doi.org/10.1111/j.0022-202X.2005.23841.x
https://doi.org/10.1111/j.0022-202X.2005.23841.x
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kumar et al. Covaxin and Cytokines/Chemokines
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Kumar, Banurekha, C. P., Nancy, Padmapriyadarsini, Mary, Devi,
Murhekar and Babu. This is an open-access article distributed under the terms of the
Frontiers in Immunology | www.frontiersin.org 8
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
October 2021 | Volume 12 | Article 752397

http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Prime-Boost Vaccination With Covaxin/BBV152 Induces Heightened Systemic Cytokine and Chemokine Responses
	Introduction
	Materials and Methods
	Study Population
	Study Procedure
	Multiplex Assays
	Statistical Analysis
	Ethics Statement

	Results
	Covaxin Induces Enhanced Plasma Levels of Type 1, Type 17, and Other Pro-Inflammatory Cytokines
	Covaxin Induces Enhanced Plasma Levels of Type 2/Regulatory Cytokines, IL-3 and IL-7 but Diminished Plasma Levels of IL-25, IL-33, IFNβ, GM-CSF, and IL-1Ra
	Covaxin Induces Enhanced Plasma Levels of CCL4 and CXC Chemokines
	Plasma Cytokines and Chemokines Can Distinguish Pre-Vaccinated From Post-Vaccinated Immune Responses
	Partial Association Between SARS-CoV-2 Neutralizing Antibodies and Immune Parameters
	Age and Gender Do Not Have an Effect on the Immune Parameters

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


