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Consequences of waning immunity to respiratory 
viruses – Cov-2 is not measles

•Waning and boosting of immunity to influenza and CoVs
•Measures of immune efficacy <-- Halloran, Longini and 

others
• A toy model for the consequences of waning immunity
• Disease prevalence vs severity
• Antigenic changes

•Open puzzles
• What are the rules for waning and boosting of immunity



Edridge et al Nat. Med. 2020
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Serology – antibody titers 
Virus spikes indicate reinfections every few years  

Galanti et al JID 2020

Waning immunity and reinfection for endemic hCoV’s



Experimental infections
 Immune response to coronavirus infection  441
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 Fig. 2. Changes in specific antibodies up to 1 year after coronavirus 229E inoculation.
 Geometric mean concentration in uninfected (O) and infected (#) volunteers.
 Significance of difference from pre-inoculation values: ***P< 0*001, **P<0-01,
 * P < 0*05. All these significant differences represent increases except for IgG 1 year after
 inoculation in uninfected volunteers where there was a significant decrease. (a) IgA in
 nasal washings. (The percentage of infected volunteers shedding virus was: 1 day after
 inoculation, 10 %; 2 days, 80 %; 3 days, 90 %; 4-6 days, 100 %; 8 days, 50 %; 10 days,
 20%; 12 days, 0%. (b) IgA in sera. (c) IgG in sera.

 considerable individual differences in both groups. For example, two uninfected
 volunteers maintained high concentrations throughout the period, while two
 infected volunteers showed no significant rise in serum specific IgA. In 4 of the
 remaining 8 infected volunteers, concentrations had returned to pre-inoculation
 values by 8 or 11 weeks.

 (e) Changes in serum specific IgG

 The uninfected group had more specific IgG in pre-inoculation sera (3162
 units/ml) than the infected group (1047 units/ml) (P = 0*05), and in the former
 group the mean concentration remained remarkably constant throughout the trial
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Seroprevelance

w

From Zhou et al 2013 plotted in Lavine et al 2021
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block infection

reduce disease

block transmission

Measures of immune efficacy

affects boosting
B TY

Immune efficacy IE

!" = 1 − &&

IES: Protection from infection

IEP: Protection from disease

IEI: Reduction in transmission

IEB: Affect on boosting



Outline of the model

Level of immunity

immune waning
antigenic drift

Acute infection 

duration 4 days
Ro = 5
Const. pop size
(106 individuals)



Transition from epidemic to endemicity

Transition from severe epidemic 
to relatively mild endemicity 
(as individuals acquire immunity 
against disease) 
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Distribution of immunity in the population
Cases: 
uninfected
infected
severe



Comparison of infecteds for low and high Ro

these infections 
will be severe

these infections 
will be mild

Ro = 3
Ro = 9
Ro = 3
Ro = 9



Comparison of infecteds for low and high Ro

Ro = 3
Ro = 9

Increasing transmission 
increases infection prevalence but decreases disease burden

Ro = 3
Ro = 9



Relationship between transmission and disease

disease

very low 
prevalence

total 
infections

severe infections

severe 
infections



Reduce susceptibility vs protection from disease



Implications for NPIs and vaccination

• For highly transmissible respiratory infections reducing transmission will 
reduce infection prevelance but may not reduce disease

• Vaccines
• Focus on reducing disease rather than reducing community transmission 

(herd immunity)
• Focus on the vaccinating high-risk individuals
• Natural infection automatically keeps immunity abreast with currently 

circulating strains

• Similar patterns have been suggested for Dengue 
(Nagao and Koelle 2008 PNAS)



Waning of immunity
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Measles Tetanus

Amanna et al NEJM 2007

Quantifying the waning of immunity



Teunis et al suggest waning follows a power-law

Teunis et al Epidemics 2016



Waning of CD8 T cell immunity to YFV
reports so far have addressed the phenotype of YF-specific CD8+ T cells
with particular emphasis in the first 90 days after vaccine administra-
tion, and very limited data exist at later time points. The EMRA phe-
notype for instance has been observed in
limited numbers of donors and only up un-
til 46 months after vaccination (13, 16, 20).
Here, we aimed to thoroughly character-
ize the memory CD8+ T cells that persist
in the long term, in the range of decades
after YF vaccination.

RESULTS

The YF-17D vaccine induces a
naïve-like population of
antigen-experienced CD8+ T cells
that is stably maintained for
more than 25 years
We studied a cohort of 41 healthy volun-
teers vaccinated with YF-17D, between
3 months and 35 years ago, including
four individuals having received multiple
vaccines (table S1). To detect YF-specific
CD8+ T cells, we used HLA-A*02 tetra-
mers to stain cells bearing a T cell receptor
(TCR) specific for the highly prevalent
NS4b214−222 epitope, hereafter referred as
A2/NS4b (Fig. 1A) (13, 14, 16). A2/NS4b+

CD8+ T cells were detected in the large
majority of vaccinees, with only 3 of 41 do-
nors having frequencies below 0.01% and
considered negative (Fig. 1B). Remark-
ably, A2/NS4b+ CD8+ T cells were detected
over at least 25 years after vaccination,
albeit at decreasing frequencies with time
(Fig. 1B).

To study the differentiation status of
YF-specific CD8+ T cells, we defined sub-
sets based on the expression of conven-
tional markers CCR7 and CD45RA, namely,
naïve (CCR7+ CD45RA+), CM (CCR7+

CD45RA−), EM (CCR7− CD45RA−), and
EMRA (CCR7− CD45RA+) subsets (6),
as indicated in Fig. 1C. A2/NS4b+ CD8+

T cells showed considerable heterogene-
ity in subset distribution among donors.
Overall, only a few donors showed sub-
stantial CM populations, and the largest
proportion of cells were found either in
the EMRA subset or, surprisingly, falling
within the conventional naïve gate (Fig. 1,
D and E).We hereafter termed these CCR7+

CD45RA+ A2/NS4b+ CD8+ T cells “naïve-
like” because they appeared in the con-
ventional naïve gate, but their “genuine
naïve versus memory” nature was to be de-
termined, as addressed throughout the

experiments that follow. Moreover, we observed that these A2/NS4b+

naïve-like CD8+ T cells displayed variable levels for CCR7 and
CD45RA. There was either CCR7high CD45RAhigh expression (hereafter
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Fig. 1. A2/NS4b+ CD8+ T cells persist long term af-
ter YF vaccination, featuring a naïve-like popula-
tion. Forty-one vaccinees were studied, covering
0.27 to 35 years after vaccination (table S1). Un-
vaccinated donors (UN; n = 10) were studied as controls. (A) Representative flow cytometry plots showing
A2/NS4b tetramer staining of total CD8+ T cells. (B) Frequencies of A2/NS4b+ cells within total CD8+ T in
unvaccinated controls and in vaccinees versus years since vaccination. Donors below 0.01% were considered
negative. •, vaccinees (n = 34);˚, vaccinees with multiple vaccines (n = 4; time since last vaccination is taken
into account);⋄, unvaccinated controls (UN; n = 3 of 10); ×, excluded donors [vaccinees (n = 3 of 41) or
unvaccinated controls (n = 7 of 10)]. Linear regressions correspond to the single-shot vaccinees group (•),
indicating goodness of fit (R2) and 95% confidence intervals. (C) Gating strategy to discriminate differen-
tiation subsets based on the conventional markers CCR7 and CD45RA, as indicated. (D) Representative flow
cytometry plots showing subsets (CCR7 versus CD45RA) in A2/NS4b+ CD8+ T cells from various vaccinees.
(E) Subset distribution (%) within A2/NS4b-specific CD8+ T cells across vaccinees, ordered vertically with
increasing “years since vaccination.”

R E S EARCH ART I C L E

www.ScienceTranslationalMedicine.org 8 April 2015 Vol 7 Issue 282 282ra48 2

 by guest on M
ay 25, 2018

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 

Fuertes Marraco et al 2014 Akondy et al 2014



Power-laws work astonishingly well
reports so far have addressed the phenotype of YF-specific CD8+ T cells
with particular emphasis in the first 90 days after vaccine administra-
tion, and very limited data exist at later time points. The EMRA phe-
notype for instance has been observed in
limited numbers of donors and only up un-
til 46 months after vaccination (13, 16, 20).
Here, we aimed to thoroughly character-
ize the memory CD8+ T cells that persist
in the long term, in the range of decades
after YF vaccination.

RESULTS

The YF-17D vaccine induces a
naïve-like population of
antigen-experienced CD8+ T cells
that is stably maintained for
more than 25 years
We studied a cohort of 41 healthy volun-
teers vaccinated with YF-17D, between
3 months and 35 years ago, including
four individuals having received multiple
vaccines (table S1). To detect YF-specific
CD8+ T cells, we used HLA-A*02 tetra-
mers to stain cells bearing a T cell receptor
(TCR) specific for the highly prevalent
NS4b214−222 epitope, hereafter referred as
A2/NS4b (Fig. 1A) (13, 14, 16). A2/NS4b+

CD8+ T cells were detected in the large
majority of vaccinees, with only 3 of 41 do-
nors having frequencies below 0.01% and
considered negative (Fig. 1B). Remark-
ably, A2/NS4b+ CD8+ T cells were detected
over at least 25 years after vaccination,
albeit at decreasing frequencies with time
(Fig. 1B).

To study the differentiation status of
YF-specific CD8+ T cells, we defined sub-
sets based on the expression of conven-
tional markers CCR7 and CD45RA, namely,
naïve (CCR7+ CD45RA+), CM (CCR7+

CD45RA−), EM (CCR7− CD45RA−), and
EMRA (CCR7− CD45RA+) subsets (6),
as indicated in Fig. 1C. A2/NS4b+ CD8+

T cells showed considerable heterogene-
ity in subset distribution among donors.
Overall, only a few donors showed sub-
stantial CM populations, and the largest
proportion of cells were found either in
the EMRA subset or, surprisingly, falling
within the conventional naïve gate (Fig. 1,
D and E).We hereafter termed these CCR7+

CD45RA+ A2/NS4b+ CD8+ T cells “naïve-
like” because they appeared in the con-
ventional naïve gate, but their “genuine
naïve versus memory” nature was to be de-
termined, as addressed throughout the

experiments that follow. Moreover, we observed that these A2/NS4b+

naïve-like CD8+ T cells displayed variable levels for CCR7 and
CD45RA. There was either CCR7high CD45RAhigh expression (hereafter
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Fig. 1. A2/NS4b+ CD8+ T cells persist long term af-
ter YF vaccination, featuring a naïve-like popula-
tion. Forty-one vaccinees were studied, covering
0.27 to 35 years after vaccination (table S1). Un-
vaccinated donors (UN; n = 10) were studied as controls. (A) Representative flow cytometry plots showing
A2/NS4b tetramer staining of total CD8+ T cells. (B) Frequencies of A2/NS4b+ cells within total CD8+ T in
unvaccinated controls and in vaccinees versus years since vaccination. Donors below 0.01% were considered
negative. •, vaccinees (n = 34);˚, vaccinees with multiple vaccines (n = 4; time since last vaccination is taken
into account);⋄, unvaccinated controls (UN; n = 3 of 10); ×, excluded donors [vaccinees (n = 3 of 41) or
unvaccinated controls (n = 7 of 10)]. Linear regressions correspond to the single-shot vaccinees group (•),
indicating goodness of fit (R2) and 95% confidence intervals. (C) Gating strategy to discriminate differen-
tiation subsets based on the conventional markers CCR7 and CD45RA, as indicated. (D) Representative flow
cytometry plots showing subsets (CCR7 versus CD45RA) in A2/NS4b+ CD8+ T cells from various vaccinees.
(E) Subset distribution (%) within A2/NS4b-specific CD8+ T cells across vaccinees, ordered vertically with
increasing “years since vaccination.”
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Boosting of immunity

elicited by vaccination is predominantly skewed
to the more broadly cross-reactive stem specific
epitopes. This is a result of the higher number of
preexisting stem-specific MBCs elicited by prior
exposure to H1N1 that share cross-reactive stem
epitopes, and the lack of preexisting memory to
the novel H5 head domain. However, after sec-
ondary exposure to the H5N1 strain by booster
vaccination, the immune response is highly
skewed toward head-specific antibody respons-
es, whereas stem-specific antibody titers remain
largely unchanged. One potential mechanism
for the dominance of HA head- versus stem-
specific antibodies after secondary H5N1 vacci-
nation is that high stem-specific antibody titers
interfere with the memory recall response. Fig-
ure 3 plots the antibody response to head and
stem after immunization with seasonal trivalent

influenza vaccine (TIV) (Fig. 3A,D), high dose
of novelH5N1 strain (Fig. 3B,E), and low dose of
H5N1 strain with added adjuvant (Fig. 3C,F).
Similar to the data for skipped versus annual
vaccinees (Fig. 2), the fold boost of the antibody
response to the HA head or stem is negatively
correlated with prevaccination antibody titers to
these epitopes. In the case of vaccination with
seasonal TIV (Fig. 3A), the prevaccination titers
of antibodies to both the HA stem and the HA
head of H1N1 overlap. In this case, in which
preexisting HA stem and head reactive antibody
titers are similar, the fold boost in antibody titers
is similar regardless of epitope specificity and
correlates with the prevaccination titers (Fig.
3D). In the case of secondary vaccination with
the novel H5N1 strain (Fig. 3B,C), there were
higher levels of antibodies to the stem than the
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Figure 2. Boosting of antibodies after influenza vaccination. Influenza vaccine antigen binding antibody titers
were measured by ELISA before and 14 d postvaccination in individuals who had been vaccinated the previous
year (annual), and those who had skipped influenza vaccination for at least 3 years (skipped). (A) The relation-
ship between the pre- and postvaccination antibody titers. (B) The relationship between fold increase in antibody
titers and prevaccination titers. (C) A schematic outlining how preexisting MBCs and antibody titers may affect
the recall response after seasonal influenza vaccination.
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Saturation in the magnitude of 
responses following vaccination 
with influenza



Strain variation gives rise to complex patterns of boosting

Fonville et al 2014 Science



Strain variation gives rise to complex patterns of boosting

Fonville et al 2014 Science



Summary

• Responses to respiratory viruses show waning of immunity and 
reinfections

• It is important to consider different measures of protection (from 
infection vs disease)

• Reducing the force of infection will decrease the number of cases but 
may increase the frequency and number of severe infetions

• We are only just beginning to get a quantitative understand the 
immunological mechanisms for the waning and boosting of immunity 
to respiratory infections
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