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Smallpox

Three Egyptian 
Mummies 
1570-1085 BC

Ramses the Vth
Died 1157 BC



18th century rhyme

Where are you going, my pretty maid
I’m going a milking, sir, she said
May I go with you, my pretty maid
You’re kindly welcome, sir, she said
What is your father, my pretty maid
My father’s a farmer, sir, she said
What is your fortune, my pretty maid
My face is my fortune, sir, she said



Smallpox vaccines
Jenner 1796 

Cowpox lesions on the hand of Sarah Nelmes
(case XVI in Jenner’s Inquiry), from which material was 
taken for the vaccination of James Phipps below in 1796



Jenner’s experiment

• 1st example of vaccination

• The word “vaccination” was coined in honour of Jenner’s work
• Louis Pasteur chose this word after developing a fowl cholera vaccine
• Vacca is Latin for cow



Smallpox vaccine met with opposition from peers

• The Royal Society rejected his manuscript.
• “in variance with established knowledge”
• “he had better not promulgate such a wild idea if he valued his reputation.”

• Jenner published his findings in a pamphlet at his own expense.
• An Inquiry in the Causes and Effects of the Variolae Vaccinae, a Disease 

Discovered in Some of the Western Counties of England, Particularly 
Gloucestershir and Known by the Name of Cowpox



Anti-vaccination sentiments

“Now look around, and turn each trifling page,
Survey the previous works that please the age;
What varied wonders tempt us as they pass!
The cowpox, tractors, galvanism and gas in turn appears”

Lord Byron





Recognition of Jenner’s work

Yours is the comfortable reflection that mankind can never forget that 
you have lived.  Future nations will now by history only that the 
loathsome smallpox had existed and by you has been extirpated.

Letter from President Thomas Jefferson to Jenner, 1806

Napolean released English prisoners of war upon Jenner’s request and 
remarked that he could not “refuse anything to such a great benefactor 
of mankind.”



Live attenuated

Inactivated

Split inactivated Synthetic 
peptides

Virus-like particles DNA or RNA Recombinant 
subunits

Recombinant 
bacterial vector

Recombinant 
viral vector

Types of vaccines

Sinovac
Bharat Biotech

Novavax

Astra Zeneca
J&J
Sputnik V

Pfizer, Moderna
Arcturus/Duke-NUS



BNT162b2 show efficacy ~12 days after 1st dose

n engl j med   nejm.org 11

Safety and Efficacy of the BNT162b2 Vaccine

of days after onset. Lymphadenopathy, which 
generally resolved within 10 days, is likely to 
have resulted from a robust vaccine-elicited im-
mune response. The incidence of serious adverse 
events was similar in the vaccine and placebo 
groups (0.6% and 0.5%, respectively).

This trial and its preliminary report have 
several limitations. With approximately 19,000 
participants per group in the subset of partici-

pants with a median follow-up time of 2 months 
after the second dose, the study has more than 
83% probability of detecting at least one adverse 
event, if the true incidence is 0.01%, but it is not 
large enough to detect less common adverse events 
reliably. This report includes 2 months of follow-
up after the second dose of vaccine for half the 
trial participants and up to 14 weeks’ maximum 
follow-up for a smaller subset. Therefore, both 

Figure 3. Efficacy of BNT162b2 against Covid-19 after the First Dose.

Shown is the cumulative incidence of Covid-19 after the first dose (modified intention-to-treat population). Each 
symbol represents Covid-19 cases starting on a given day; filled symbols represent severe Covid-19 cases. Some 
symbols represent more than one case, owing to overlapping dates. The inset shows the same data on an enlarged  
y axis, through 21 days. Surveillance time is the total time in 1000 person-years for the given end point across all 
participants within each group at risk for the end point. The time period for Covid-19 case accrual is from the first 
dose to the end of the surveillance period. The confidence interval (CI) for vaccine efficacy (VE) is derived accord-
ing to the Clopper–Pearson method.
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Pfizer/BNT

Polack et al, NEJM 2020
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T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

Concerns have emerged regarding the possible 
resistance of SARS-CoV-2 variants to Covid-19 

vaccines17,18 and neutralizing antibodies.19,20 Dur-
ing the study period, an increasing share of 

Figure 2. Cumulative Incidence of the Five Outcomes.

Cumulative incidence curves (1 minus the Kaplan–Meier risk) for the various outcomes are shown, starting from the day of administra-
tion of the first dose of vaccine. Shaded areas represent 95% confidence intervals. The number at risk at each time point and the cumu-
lative number of events are also shown for each outcome. Graphs in which all data are shown with a y axis scale from 0 to 100 (along 
with the data shown, as here, on an expanded y axis) are provided in Figure S8 in the Supplementary Appendix.
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Serological response at days 7 and 10 after dose 1 of BNT162b2

Kalimuddin et al, manuscript submitted



T cell responses at days 7 and 10 after dose 1 of BNT162b2

Bertoletti Lab
Kalimuddin et al, manuscript submitted



T cell responses as a critical determinant of human 
immunity?



Single dose Lunar-CoV19 protects human ACE2 transgenic mice against 
lethal SARS-CoV-2 infection

de Alwis, Gan, Chen at al, Molecular Therapy, accepted



CD8+ T cells play a critical role in preventing SARS-CoV-2 
infection

de Alwis, Gan, Chen at al, Molecular Therapy, accepted



Clinical evidence for protective role of T cells
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SUMMARY

Virus-specific humoral and cellular immunity act synergistically to protect the host from viral infection. We
interrogate the dynamic changes of virological and immunological parameters in 12 patients with symptom-
atic acute SARS-CoV-2 infection from disease onset to convalescence or death. We quantify SARS-CoV-2
viral RNA in the respiratory tract in parallel with antibodies and circulating T cells specific for various struc-
tural (nucleoprotein [NP], membrane [M], ORF3a, and spike) and non-structural (ORF7/8, NSP7, and NSP13)
proteins. Although rapid induction and quantity of humoral responses associate with an increase in disease
severity, early induction of interferon (IFN)-g-secreting SARS-CoV-2-specific T cells is present in patients
with mild disease and accelerated viral clearance. These findings provide support for the prognostic value
of early functional SARS-CoV-2-specific T cells with important implications in vaccine design and immune
monitoring.

INTRODUCTION

In December 2019, a new coronavirus was detected in Wuhan,
China, in several patients with pneumonia and was later named
SARS-CoV-2 (Zhou et al., 2020a). The illness (coronavirus dis-
ease 2019 [COVID-19]) resulting from SARS-CoV-2 infection is
reported to be multifaceted with inflammation of the respiratory
tract causing the leading symptoms of fever and dry cough
(Chen et al., 2020). Both virus-specific humoral components
(Long et al., 2020a; Gudbjartsson et al., 2020; Sun et al., 2020)
and cellular components (Grifoni et al., 2020; Braun et al.,
2020; Le Bert et al., 2020; Weiskopf et al., 2020) of adaptive
immunity are induced in SARS-CoV-2-infected individuals, but
their roles in viral control or disease pathogenesis need to be
clarified. Viral clearance and reduced disease severity have
been associated with coordinated activation of humoral and
cellular anti-viral immunity (Rydyznski Moderbacher et al.,
2020) and robust virus-specific T cell responses (Takahashi
et al., 2020). A positive relationship between magnitude of
SARS-CoV-2 antibodies (Hung et al., 2020; Long et al., 2020b;
Wang et al., 2020) or T cells (Peng et al., 2020) and disease

severity have also been reported. However, most of these
studies have analyzed patients during the convalescent phase
of infection, and only few studies have reported the dynamic
changes of viral and virus-specific immunological parameters
in severe COVID-19 patients during the initial phases of infection
(Weiskopf et al., 2020; RydyznskiModerbacher et al., 2020; Zhou
et al., 2020b). To fill this gap, we longitudinally followed-up 12 pa-
tients (Table S1) with SARS-CoV-2 infection from symptomonset
to convalescence or death.We quantified SARS-CoV-2 viral load
in the upper respiratory tract and SARS-CoV-2-specific anti-
bodies and T cells at multiple time points from acute disease until
convalescence or death. Our data reveal a direct association be-
tween early induction of functional SARS-CoV-2-specific T cells
and rapid control of viral infection.

RESULTS

Dynamics of SARS-CoV-2 replication
Relative quantities of SARS-CoV-2 in the respiratory tract and its
persistence in each patient were calculated by using the number
of RT-PCRcycles as a proxy of viral quantity (Figure 1). Duration of
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blood mononuclear cells) in an interferon (IFN)-g ELISPOT
(enzyme-linked immunospot) assay (Figure 3A).
During the initial phase of SARS-CoV-2 infection, the quantity

of IFN-g-secreting cells after stimulation by the different peptide
pools increased progressively with the peak of frequency de-
tected within !15 days after symptom onset in most tested pa-
tients (8 of 12, Figures 3B and 3C) in line with previous reports
(Weiskopf et al., 2020; Rydyznski Moderbacher et al., 2020). In
two patients, peak responses were detected beyond 20 days
after symptom onset, whereas patient P05, who succumbed to
the disease before viral clearance, had no detectable IFN-g-
secreting cells when stimulated with the different peptide pools
until day 26, when stimulation with Spike peptides activated a
weak response (Figure 3B). Importantly, production of IFN-g
was detected at all time points in all patients after stimulation
with PMA+ionomycin (phorbol myristate acetate), showing that
global cellular functionality was not fully compromised (Fig-
ure 4A, insert). The frequency of IFN-g-secreting cells reactive
to all peptide pools was also quantified at least 1month after res-
olution of infection. The magnitude of the IFN-g response
declined markedly in 7 of 8 patients tested (Figure 3B), consis-

tent with waning of the cellular immune response that follows
resolution of acute infection. The quantity and time of appear-
ance of SARS-CoV-2 peptide-reactive cells were then analyzed
in relation to the virological and clinical parameters.
First, we observed that in contrast to the antibody quantity, the

overall magnitude of SARS-CoV-2 peptide-reactive cells was not
proportional to the severity of disease. Figure 2B shows that
although higher quantities of IgG were observed in patients
with moderate/severe compared with mild COVID-19, an oppo-
site pattern was detected when the total IFN-g response de-
tected after stimulation by all peptide pools was calculated.
Higher frequencies of IFN-g-secreting cells in both early stages
(day 1–15) and late stages (day 15–30) were present in mild,
but not in moderate/severe, COVID-19 patients (Figures 3B
and 3C; Figure S1D). In addition, by analyzing the association
between the time of SARS-CoV-2 T cell appearance and the
length of infection, we observed a statistically significant direct
correlation between early appearance of SARS-CoV-2 peptide-
reactive cells (specific for NP, ORF7/8, ORF3a, M, and Spike)
and shorter duration of infection (Figure 3D). In contrast, no cor-
relation was observed when we analyzed the time of antibody

Figure 2. Longitudinal analysis of SARS-CoV-2-specific antibody-related responses in acute COVID-19 patients
(A) Schematic representation of the surrogate virus neutralization assay and the Luminex-based assay to quantify SARS-CoV-2 RBD-, S1-, and NP-specific IgG

and IgM antibodies. Cutoffs to define significant virus neutralization and antibody quantities were set at 20% inhibition for the sVNT assay (as defined in ref (Tan

et al., 2020)) and MFI (mean fluorescence intensity) > 100 for the Luminex-based assay, respectively.

(B) SARS-CoV-2 neutralization and relative quantities of specific IgG and antibodies (n = 12).

(C) Rose plots represent the quantity of RBD-, S1-, and NP-specific IgG and IgM antibodies at first detectable antibody response (n = 12). Patient P02 had no

detectable antibody response at 3, 4, 7, and 9 days after symptom onset for which samples were available.
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Figure 3. Longitudinal analysis of SARS-CoV-2 T responses in COVID-19 patients during acute infection and at convalescence
(A) SARS-CoV-2 proteome organization. Analyzed proteins aremarked by an asterisk. 15-mer peptides, which overlapped by 10 amino acids, comprising the NP,

M, ORF7ab, ORF8, ORF3a, NSP7, and NSP13 were grouped into 10 pools with the indicated number of peptides in each pool. 15-mer predicted peptides

previously shown to activate Spike-specific CD8 and CD4 T cells were grouped into a single pool. PMA+ionomycin was used as a positive control for all samples

analyzed.

(B) Longitudinal analysis of the total SARS-CoV-2 T cell response in COVID-19 patients (n = 12) from onset of disease until convalescence. Individual lines

represent single patients.

(legend continued on next page)
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ARTICLE

Highly functional virus-specific cellular immune
response in asymptomatic SARS-CoV-2 infection
Nina Le Bert1, Hannah E. Clapham2, Anthony T. Tan1, Wan Ni Chia1, Christine Y.L. Tham1, Jane M. Lim2, Kamini Kunasegaran1,
Linda W.L. Tan2, Charles-Antoine Dutertre3, Nivedita Shankar2, Joey M.E. Lim1, Louisa Jin Sun4, Marina Zahari2, Zaw Myo Tun2,
Vishakha Kumar2, Beng Lee Lim1, Siew Hoon Lim5, Adeline Chia1, Yee-Joo Tan6,7, Paul Anantharajah Tambyah8, Shirin Kalimuddin1,9,
David Lye6,10,11,12, Jenny G.H. Low1,9, Lin-Fa Wang1, Wei Yee Wan5, Li Yang Hsu2, Antonio Bertoletti1,13*, and Clarence C. Tam2,14*

TheQ:1 efficacy of virus-specific T cells in clearing pathogens involves a fine balance between antiviral and inflammatory
features. SARS-CoV-2–specific T cells in individuals who clear SARS-CoV-2 without symptoms could reveal nonpathological yet
protective characteristics. We longitudinally studied SARS-CoV-2–specific T cells in a cohort of asymptomatic (n = 85) and
symptomatic (n = 75) COVID-19 patients after seroconversion. We quantified T cells reactive to structural proteins (M, NP, and
Spike) using ELISpot and cytokine secretion in whole blood. Frequencies of SARS-CoV-2–specific T cells were similar between
asymptomatic and symptomatic individuals, but the former showed an increased IFN-γ and IL-2 production. This was
associated with a proportional secretion of IL-10 and proinflammatory cytokines (IL-6, TNF-α, and IL-1β) only in asymptomatic
infection, while a disproportionate secretion of inflammatory cytokines was triggered by SARS-CoV-2–specific T cell activation
in symptomatic individuals. Thus, asymptomatic SARS-CoV-2–infected individuals are not characterized by weak antiviral
immunity; on the contrary, they mount a highly functional virus-specific cellular immune response.

Introduction
Characterization of adaptive immunity mounted against SARS-
CoV-2 is crucial for understanding its role in protection or
pathogenesis. Antibodies and T cells act together to reduce the
spread of virus within the host and to eradicate the pathogen
from infected cells. However, the protective immune response
can also trigger pathological processes characterized by localized
or systemic inflammatory events. Inflammation and tissue
damage can result from the direct lysis of infected cells by virus-
specific antibodies and T cells, or from the release of inflam-
matory mediators produced by the infected cells and activated
myeloid cells. These scenarios have been reported in the path-
ogenesis of COVID-19 (Vardhana and Wolchok, 2020). In more
severe cases, systemic high levels of inflammatory cytokines (IL-
1β and IL-6) and the presence of activated monocytes in the
circulatory compartment (Kuri-Cervantes et al., 2020; Silvin
et al., 2020) and in the lung (Nienhold et al., 2020) coexist

with virus-specific antibodies and T cells (Laing et al., 2020).
Thus, the question of whether virus-specific antibodies or T cells
are preferentially mediating protection or damage remains
open. Antibodies against SARS-CoV-2 Spike (S) protein have
protective ability in vitro, but their titers in COVID-19 patients
have been reported to be positively correlated with disease se-
verity (Long et al., 2020a; Cervia et al., 2020 Preprint). Similarly,
a direct relation with disease severity has been reported in
studies of SARS-CoV-2–specific T cell frequencies in COVID-19
patients. A broader and quantitatively more robust SARS-CoV-
2–specific T cell response has been demonstrated in convales-
cent cases of severe COVID-19 in comparison to mild cases
(Weiskopf et al., 2020). However, the positive relation between
SARS-CoV-2–specific T cell quantity and disease severity was
not confirmed in recent studies measuring SARS-CoV-2–specific
T cells in the early phases of COVID-19. Early induction and
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Figure 4. Dynamics and hierarchy of SARS-CoV-2–specific T cells in asymptomatic and symptomatic infection. (A) The frequency of IFN-γ SFCs re-
active to the individual peptide pools is shown for asymptomatic SARS-CoV-2–infected donors who were serologically positive for anti-NP IgG at at least one
time point during the study period (n = 72; left), for COVID-19 patients from acute to 3 mo after infection (n = 45; middle), and archived unexposed controls (n =
51; right; line = median). Circles below represent the frequency of a positive (IFN-γ-SFC ≥10/106 PBMCs) response (red) to the individual peptide pools.
Repeated-measures one-way ANOVA with Greenhouse–Geisser correction, followed by Holm–Sidak’s multiple comparisons test. (B) Bar graphs show the
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Conclusion

• Total binding antibodies and T cells appear sufficient for protection 
against Covid-19
• Depletion of T cells but not B cells associated with severe Covid-19 in 

animal model and in hematological malignancy patients
• Early T cell response associated with better clinical outcome in Covid-

19 patients
• Vaccine that produces good T cell immunity would be less impacted 

by SARS-CoV-2 variants
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