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A historical introduction!

•  Thucididies (430 BC) 
Those who had successfully recovered from disease were able to 
take care of the ill during a plague in Athens. 
 !

•  Panum (1847) 
Memory lasted between 1781 & 1846  
measles epidemics in the Faroe islands. 
!

•  Yellow fever (1931) 
Antibody titers persisted for decades following a 1855 epidemic in 
Norfolk, VA. Measured by protection of monkeys conferred by 
transferred immune sera. !
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  different precursor frequencies or earlier expression of the domi-

nant epitopes, higher pMHC concentrations, and/or higher avidity

(15). To explain the large differences between the six CD8! T cell

responses, only small differences in their parameter values are re-

quired (Table III).

The immunodominant CD8! T cell response is characterized

kinetically in Fig. 3b. During the expansion phase of 8 days, the

doubling time is 8 h. We failed to find evidence for a biphasic

contraction phase and estimate a half-life of 41 h for activated cells

after the peak of the response. In addition, the memory phase of the

CD8! T cell response is stable, with little evidence of memory

decay.

Comparing CD4! and CD8! T cell dynamics

The differences between the parameters characterizing the CD4!

and CD8! T cell responses are striking (Fig. 3). CD8! T cell

responses are faster in almost every aspect of the response. During

the expansion phase, the doubling time of immunodominant CD8!

T cells is approximately three-fourths of that of immunodominant

CD4! T cells (i.e., 8 h vs 11 h). The rapid contraction phase of

CD4! T cell responses lasts only 8 days, with a half-life of acti-

vated cells of 3 days. The corresponding half-life of activated

CD8! T cells is 41 h (or 1.7 days). Moreover, activated CD4! T

cells approach an even longer half-life of 35 days during the sec-

ond half of the contraction phase. We failed to find evidence for

such an increase in the half-life of activated CD8! T cells. The rate

at which activated CD8! T cells become memory cells is also

10-fold faster than that of CD4! T cells. Because activated CD4!

T cells live much longer than activated CD8! T cells (Fig. 3), the

total number of memory cells that are formed after a CD4! T cell

response need not be smaller than after a CD8! T cell response.

At day 70 of the gp61 CD4! T cell response, the estimated

memory population size approaches its maximum value of 5" 104

cells, which is 1.6% of the peak population size at day 8. At day

70 of the gp33 CD8! T cell response, we estimate a memory

population of 1.4 " 106 cells (Fig. 4), which is 4% of the peak

population size. The only phase that seems more dynamic in the

CD4! T cell compartment is the memory phase. The half-life of

CD4! T cell memory is about 500 days, whereas CD8! T cell

memory seems not to decay. A long-lived memory need not be due

to long-lived memory cells. It is well established that T cells with

a memory phenotype divide more frequently than those with a

naive phenotype (23–25). Thus, the fact that the CD8! T cell

memory lasts longer than that of CD4! T cells could also be due

to faster renewal kinetics of the CD8! memory T cells.

Finally, it seemed that the CD4! T cell responses shut off 1 day

later than the CD8 responses (7). The data points shown in Figs. 1

and 2, which are averages of three to four mice, suggest that the

CD4! T cells peak around days 9 and 10 for gp61 and NP309,

respectively. However, there is scatter in the data and the SDs of

the averages at days 9 and 10 are overlapping (data not shown),

suggesting that the peak differs among mice and is not precisely

defined. Because our model assumes that the response shuts off at

a fixed time, T, it exhibits a sharp peak when the expansion phase

ends, whereas the data have a more rounded peak. Thus, our cur-

rent estimates for the time of the peak of the CD4! T cell response

remain somewhat ambiguous. A model with a more rounded peak

may yield a more reliable estimate for the precise time of the peak.

Discussion

Homann et al. (7) suggested that in C57BL/6 mice the half-lives of

the CD4! T cell populations involved in the primary immune re-

sponse during acute LCMV Armstrong infection were increasing

over time in several distinct phases after the peak of the response.

Fitting a mathematical model to more detailed data from similar

experiments, we have been able to confirm that the contraction

phase of the CD4! T cell responses to gp61 and NP309 is bipha-

sic, with an early half-life of 3 days and a late half-life of 35 days

(Fig. 3a). In agreement with Homann et al. (7), we find that the

CD8! T cell responses to six epitopes are better described with a

monophasic contraction phase. However, the decline in the total

number of specific CD8! T cells after the peak of the response

slows down with time, i.e., at the total population level one does

observe an increase in the half-life with time. The results of our

model, depicted in Fig. 4, suggest that this is due to a gradual

transition of short-lived activated cells into long-lived memory

cells. Thus, although the average half-life of the population as a

whole increases with time, those of the activated and memory sub-

population remain time invariant (see Appendix).

We previously estimated proliferation and death rates of the

NP118 and gp283 CD8! T cell responses to 2 " 105 PFU of

LCMV Armstrong injected i.p. into BALB/c mice (15). The esti-

mates for the apoptosis rate !A and the rate r at which cells adopt
the memory phenotype were very similar to those estimated in

FIGURE 3. Schematic presentation of the immunodominant CD4! (a) and CD8! (b) T cell response to LCMV. The estimated doubling times and

half-lives are indicated in each panel. The horizontal lines depict the memory phase: the half-life of CD4! memory is about 500 days, whereas that of the

CD8! seems lifelong.
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T cells in some, but not all, individuals (Fig. 1a and data not shown).
To quantify the duration of CD4+ T-cell memory, we relied on the
most conservative estimates obtained by enumeration of functional T
cells that were capable of dual IFN-! and TNF-" production. After
vaccination or revaccination, virus-specific CD4+ T cells were present
in 18 of 18 vaccinees at 27–34 d after immunization (average of 900
per 106 CD4+ T cells); they then declined slowly with a half-life of 8–12
years (Fig. 1b and Table 1). Although multiple vaccinations are
believed to provide maximal long-term protection12,13, repeated expo-
sure to vaccinia did not greatly alter the magnitude (Fig. 1b) or the
half-life of T-cell memory (Table 1). Although the frequency of virus-
specific CD4+ T cells waned slowly over time, T-cell responses in most
subjects remained within one to two orders of magnitude of those
achieved at up to 7 years after vaccination and could be detected as late
as 75 years after immunization.

Quantitation of virus-specific CD8+ T-cell responses
Antiviral CD8+ T-cell responses were quantified by ICCS after direct
ex vivo stimulation with vaccinia-infected cells (Fig. 2a). Although a
recent study has identified two HLA-A*0201-restricted T-cell epi-
topes14, these epitopes measure only a subpopulation of the total T-
cell response14. Thus, we chose to stimulate T cells with live virus in
this cross-sectional study so we could identify the global antiviral
CD8+ T-cell response irrespective of the HLA type of the donor15 and
to allow side-by-side comparisons with CD4+ T-cell responses (to
which no epitopes have yet been mapped). Most IFN-!+CD8+ T cells
expressed TNF-", and again we used dual cytokine production as the
functional criterion for quantifying virus-specific T-cell memory.
Samples from one volunteer (1 year after vaccination) averaged 2,215
± 325 IFN-!+TNF-"+CD8+ T cells per million CD8+ T cells in seven
consecutive experiments. At 27–34 d after vaccination or revaccina-
tion, robust CD8+ T-cell responses (average of 870 per 106 CD8+ T

cells) were identified in 18 of 18 vaccinees (Fig. 2b). Similar to CD4+ T
cells (Fig. 1b), CD8+ T-cell memory declined slowly with a half-life of
8–15 years (Table 1). Comparison of CD8+ T-cell numbers after
booster vaccination did not show any substantial improvements in
long-term T-cell memory above that observed after a single vaccin-
ation (Fig. 2b and Table 1).

Direct comparisons between virus-specific CD4+ and CD8+ T-cell
numbers within individual vaccinees revealed dynamic and independ-
ently regulated changes in T-cell memory over time (Fig. 3). At early
time points ranging from 27 d to 7 years after vaccination, nearly all
volunteers possessed strong CD4+ and CD8+ T-cell responses 
(Fig. 3a). At later time points of 14–40 years after vaccination (Fig. 3b)
or 41–75 years after vaccination (Fig. 3c), many individuals still main-
tained both CD4+ and CD8+ T-cell memory (albeit at lower levels than

the earlier time points observed in Fig. 3a),
but other individuals preferentially lost CD8+

T-cell memory while leaving the antiviral
CD4+ T-cell compartment intact. In rare
cases, CD8+ T-cell responses remained 
elevated while CD4+ T-cell responses
dropped below detection. Further studies will
be necessary to determine why virus-specific
CD8+ T cells, or in some cases CD4+ T cells,
are disproportionately lost over prolonged
periods of time, but the overall shift in T-cell
memory seems to reflect the survival rates of
antiviral CD4+ and CD8+ T cells (Table 1).

Duration of antiviral antibody production
Vaccinia-specific neutralizing antibody titers
have been the cardinal feature used to 
estimate the immunity afforded by smallpox
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Figure 1 Virus-specific CD4+ T-cell memory after smallpox vaccination. 
(a) Representative flow cytometry dot plot, gated on CD4+CD8– T cells,
showing the number of IFN-!+TNF-"+ events per million CD4+ T cells 
(+ Vaccinia) after background subtraction (– Vaccinia) in PBMC samples
from an unvaccinated volunteer or from volunteers analyzed at 1 or 61 years
after vaccination. (b) Quantitation of virus-specific CD4+ T cells as a
function of time after vaccination. Filled symbols represent twofold or higher
over background; open symbols represent samples that were not twofold over
background. Samples that scored below detection were graphed with values
of <1 per 106.

Table 1 Estimated survival of virus-specific T-cell memory after smallpox vaccination

Volunteers with CD4+ T-cell memorya

Vaccinations 20–30 yearsb 31–50 years 51–75 years t1/2 of CD4+ T cellsc

1 100% (16/16) 89% (70/79) 52% (23/44) 10.6 (0–17)
2 83%   (10/12) 78% (29/37) 57% (4/7) 8.3   (0–14.1)
3–14 82%   (23/28) 91% (29/32) NDd 12.4 (0–20.5)

Volunteers with CD8+ T-cell memory
Vaccinations 20–30 years 31–50 years 51–75 years t1/2 of CD8+ T cells

1 50% (8/16) 49% (39/79) 50% (22/44) 15.5 (0–27.1)
2 42% (5/12) 38% (14/37) 57% (4/7) 8.1   (0–16.9)
3–14 46% (13/28) 50% (16/32) ND 9.0   (0–18.1)

aPercentage of volunteers with vaccinia-specific T-cell memory is based on the proportion of immunized participants with 
>10 IFN-!+TNF-"+ T cells per 106 CD4+ or CD8+ T cells, respectively. This cutoff provides 100% sensitivity at 1 month after
vaccination or revaccination and 92–96% specificity, based on the vaccinia-induced IFN-! response in T cells from
unvaccinated volunteers. bYears after the last smallpox vaccination. cEstimated half-life (t1/2) in years (and 95% confidence
interval in parentheses) is based on linear regression analysis using data from Figures 1 and 2. N.D., not determined.
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vaccination7,10,16–19. To examine this issue in more detail, we devel-
oped a sensitive, reproducible and validated vaccinia-specific ELISA
for high-throughput analysis of humoral immunity after smallpox
vaccination (Fig. 4a). Using 100 ELISA units (EU) as the lowest titer
considered to be positive, we observed 100% specificity (0 of 26 unvac-
cinated controls scored !100 EU) and 98% sensitivity (288 of 293 sam-
ples from volunteers vaccinated against smallpox scored !100 EU).
One representative positive control (scoring 644 EU) was repeated
more than 40 times and varied by less than 12% within a single assay
and less than 18% between assays, with no false-negative results.
Likewise, a representative negative control sample from an unvacci-
nated volunteer was repeated in more than 40 assays and in each case
scored less than 50 EU, with no false-positive results.

In contrast to vaccinia-specific T-cell memory, which declined
steadily over time (Figs. 1 and 2), vaccinia-specific serum antibody
levels were remarkably stable between 1 and 75 years after vaccination.
We were thus unable to determine the half-life of antibody decay.
Comparison of antiviral antibody titers elicited by one or more
vaccinations showed a very small (less than twofold), but statistically
significant, increase in the mean antibody titer that was produced after
two vaccinations compared with only one vaccination (P = 0.02;
Fig. 4b). Additional vaccinations, however, which ranged from 3–5 to
as many as 6–14 immunizations, did not result in any further increase
in long-term antibody production. This indicates that booster vaccin-
ation may increase a previously suboptimal antibody response but is
unlikely to induce prolonged synthesis of higher antibody numbers
above a certain threshold.

ELISA assays do not directly measure neutralizing antibodies and
must therefore be validated alongside neutralizing assays if they are to
be useful for quantifying biologically relevant antibody titers. A prev-
ious study determined an experimental value for protective immunity
against smallpox, defined as serum antibody levels with half-maximal

neutralizing titer (NT50), greater than or equal to 1:32 (ref. 8). By con-
ducting our neutralizing assays in essentially the same manner, we can
directly relate our data to historical findings that cannot be repeated
now that natural smallpox is extinct. We found a direct linear relation-
ship (P < 0.0001) between neutralizing titers and virus-specific anti-
bodies quantified by ELISA (Fig. 4c). Based on this analysis, an NT50 of
1:32 equals 944 EU (Fig. 4a) and indicates that "50% of volunteers at
more than 20 years after a single vaccination have neutralizing anti-
body titers greater than or equal to 1:32. Neutralizing antibodies were
below detection (NT50 < 1:4) in 16 of 16 samples from unvaccinated
volunteers (data not shown).

An important point to consider is whether or not high antibody
responses are correlated with increased T-cell memory, because this
would shed light on whether high neutralizing antibody titers were

directly involved with protective immunity
against smallpox or whether they are simply a
surrogate marker indicative of increased
antiviral T-cell responsiveness. We compared
antiviral T-cell responses with their accompa-
nying antibody titers in individuals who had
been vaccinated up to 7 years previously
(cohorts similar to that described in ref. 8;
Fig. 4d) as well as in individuals vaccinated
14–40 years ago or 41–75 years ago (a cohort
that might be similar to contemporary popu-
lations; Fig. 4e,f). We found no correlation
between virus-specific T-cell numbers and
antibody titers at early or late time points,
thus indicating that humoral and cellular
immunity are independently regulated. If our
early cohort (#7 years after vaccination) is
comparable to the smallpox contacts 
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Figure 2 Virus-specific CD8+ T-cell memory after smallpox vaccination. 
(a) Representative flow cytometry dot plot gated on CD8+CD4– T cells
showing the number of IFN-$+TNF-%+ events per million CD8+ T cells 
(+ Vaccinia) after background subtraction (– Vaccinia) in PBMC samples
from an unvaccinated volunteer or from volunteers analyzed at 1 or 61 
years after vaccination. (b) Quantitation of virus-specific CD8+ T cells as a
function of time after vaccination. Filled symbols represent more than
twofold or greater over background and open symbols represent samples that
were not twofold over background. Samples that scored below detection were
graphed with values of <1 per 106.
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Figure 3 Relationship between vaccinia-specific CD4+ and CD8+ T-cell memory over time. 
(a–c) Comparisons were made between the number of antiviral CD4+ and CD8+ T cells from the same
individual at 1 month to 7 years after vaccination (a), 14–40 years after vaccination (b), or 41–75 years
after vaccination (c). Virus-specific T cells are shown as the number per million CD4+ or CD8+ T cells,
respectively, and samples that scored below detection were graphed with values of <1 per 106.
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different precursor frequencies or earlier expression of the domi-

nant epitopes, higher pMHC concentrations, and/or higher avidity

(15). To explain the large differences between the six CD8! T cell

responses, only small differences in their parameter values are re-

quired (Table III).

The immunodominant CD8! T cell response is characterized

kinetically in Fig. 3b. During the expansion phase of 8 days, the

doubling time is 8 h. We failed to find evidence for a biphasic

contraction phase and estimate a half-life of 41 h for activated cells

after the peak of the response. In addition, the memory phase of the

CD8! T cell response is stable, with little evidence of memory

decay.

Comparing CD4! and CD8! T cell dynamics

The differences between the parameters characterizing the CD4!

and CD8! T cell responses are striking (Fig. 3). CD8! T cell

responses are faster in almost every aspect of the response. During

the expansion phase, the doubling time of immunodominant CD8!

T cells is approximately three-fourths of that of immunodominant

CD4! T cells (i.e., 8 h vs 11 h). The rapid contraction phase of

CD4! T cell responses lasts only 8 days, with a half-life of acti-

vated cells of 3 days. The corresponding half-life of activated

CD8! T cells is 41 h (or 1.7 days). Moreover, activated CD4! T

cells approach an even longer half-life of 35 days during the sec-

ond half of the contraction phase. We failed to find evidence for

such an increase in the half-life of activated CD8! T cells. The rate

at which activated CD8! T cells become memory cells is also

10-fold faster than that of CD4! T cells. Because activated CD4!

T cells live much longer than activated CD8! T cells (Fig. 3), the

total number of memory cells that are formed after a CD4! T cell

response need not be smaller than after a CD8! T cell response.

At day 70 of the gp61 CD4! T cell response, the estimated

memory population size approaches its maximum value of 5" 104

cells, which is 1.6% of the peak population size at day 8. At day

70 of the gp33 CD8! T cell response, we estimate a memory

population of 1.4 " 106 cells (Fig. 4), which is 4% of the peak

population size. The only phase that seems more dynamic in the

CD4! T cell compartment is the memory phase. The half-life of

CD4! T cell memory is about 500 days, whereas CD8! T cell

memory seems not to decay. A long-lived memory need not be due

to long-lived memory cells. It is well established that T cells with

a memory phenotype divide more frequently than those with a

naive phenotype (23–25). Thus, the fact that the CD8! T cell

memory lasts longer than that of CD4! T cells could also be due

to faster renewal kinetics of the CD8! memory T cells.

Finally, it seemed that the CD4! T cell responses shut off 1 day

later than the CD8 responses (7). The data points shown in Figs. 1

and 2, which are averages of three to four mice, suggest that the

CD4! T cells peak around days 9 and 10 for gp61 and NP309,

respectively. However, there is scatter in the data and the SDs of

the averages at days 9 and 10 are overlapping (data not shown),

suggesting that the peak differs among mice and is not precisely

defined. Because our model assumes that the response shuts off at

a fixed time, T, it exhibits a sharp peak when the expansion phase

ends, whereas the data have a more rounded peak. Thus, our cur-

rent estimates for the time of the peak of the CD4! T cell response

remain somewhat ambiguous. A model with a more rounded peak

may yield a more reliable estimate for the precise time of the peak.

Discussion

Homann et al. (7) suggested that in C57BL/6 mice the half-lives of

the CD4! T cell populations involved in the primary immune re-

sponse during acute LCMV Armstrong infection were increasing

over time in several distinct phases after the peak of the response.

Fitting a mathematical model to more detailed data from similar

experiments, we have been able to confirm that the contraction

phase of the CD4! T cell responses to gp61 and NP309 is bipha-

sic, with an early half-life of 3 days and a late half-life of 35 days

(Fig. 3a). In agreement with Homann et al. (7), we find that the

CD8! T cell responses to six epitopes are better described with a

monophasic contraction phase. However, the decline in the total

number of specific CD8! T cells after the peak of the response

slows down with time, i.e., at the total population level one does

observe an increase in the half-life with time. The results of our

model, depicted in Fig. 4, suggest that this is due to a gradual

transition of short-lived activated cells into long-lived memory

cells. Thus, although the average half-life of the population as a

whole increases with time, those of the activated and memory sub-

population remain time invariant (see Appendix).

We previously estimated proliferation and death rates of the

NP118 and gp283 CD8! T cell responses to 2 " 105 PFU of

LCMV Armstrong injected i.p. into BALB/c mice (15). The esti-

mates for the apoptosis rate !A and the rate r at which cells adopt
the memory phenotype were very similar to those estimated in

FIGURE 3. Schematic presentation of the immunodominant CD4! (a) and CD8! (b) T cell response to LCMV. The estimated doubling times and

half-lives are indicated in each panel. The horizontal lines depict the memory phase: the half-life of CD4! memory is about 500 days, whereas that of the

CD8! seems lifelong.
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Hypothesis for immune memory!

•  Immortal memory cells!
!!

!
 
!
!
!
!
•  Maintenance of memory requires antigen: 

association of antigen with memory!
–  persistent antigen (as antigen or live pathogen)!
–  reexposure to antigen (infection)!
–  anti-idiotypic networks!

•  Memory does not require antigen:  
adoptive transfer experiments!
–  bystander stimulation!
–  homeostasis: (active and passive attrition models)!
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Tough and Sprent 
rejected this 20 years ago 
JEM 1994!

“long-lived memory from short lived cells”!
1.	
  How?	
  	
  
2.	
  Rules	
  for	
  the	
  longevity	
  of	
  memory?!



Constructing a simple model!
•  Define memory 

as the number of antigen-specific cells following stimulation!

•  Memory is a general phenomenon  
(i.e. it is possible to make a general model for memory)!

•  Include the relevant biology 
Repertoire of lineages with  
(i) input (from thymus),  
(ii) specific-stimulation,  
(iii) cross-reactivity, 
(iv)homeostasis (total population)  
(v) turnover/death,  
!

•  Memory >> acute infection.  
On the timescale of memory, an  
acute infection is approximated  
by a jump in the # of pathogen- 
specific immune cells.!

days after infection!

sp
ec

ifi
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Model-1!

“effective repertoire” n very large ~ 107  

x1 x3 x2 xn …………………... 

…………………... 

 xi = number of cells in the ith lineage 
X=Σxi = total number of cells  

iiiii
i dxxXScqxmqa
dt
dx

−+++= )(**

stochastic terms      input                  stimulation!

deterministic terms                      bystander   homeostasis  death!



Results - either memory or a diverse repertoire!
The decline of memory is exponential at rate  

  
!

!
The longevity of memory is!
(i) independent of cross-reactivity!
(ii) relatively long if thymic input small!
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!The repertoire is maintained only if the 
input from the thymus is sufficiently 
large that !

€ 

R = −
na + nmq

˜ X 

=
input +  expansion due to other pathogens

total population size

€ 

˜ x = ˜ X a
n(a + mq)

>1



Model 2 !

…………………... 
x1 x3 x2 xn …………………... 

expansion!

iiiYi
i

iiXiii
i

dycqyyYXSmq
dt
dy

dxxYXSxqa
dt
dx

−++=

−+−=

),(

),(

*

**

input!

expansion  homeostasis          death !
                                   bystander!

“naïve” 

“memory” 

“naïve” 

“memory” 

y1 y3 y2 yn …………………... 

…………………... 



Results - memory !

€ 

R = −
nmq
Y

=
 expansion to other pathogens
size of memory compartment
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Independent homeostasis of naïve and memory populations results in 
the maintenance of memory and the naïve repertoire !

m = expansion due to new pathogens; p = nq = frequency of exposure to new pathogens!

Loss of memory at rate !

€ 

rm =
Y ln(m)
m

Memory repertoire!



A simple model for immune memory!

a(t)	

y(t) = number of  memory cells of 
a given specificity !
!
a(t) = influx of new memory cells	


!
Y(t) = total population size of all 
memory cells!

1.  Incorporation of 
“new” memory 
cells!

2. Change in size of 
memory 
compartment!

!

y(t) = y(0)Y (t)
Y (0)

exp −
a(s)
Y (s)

ds
0

t
∫

#

$
%

&

'
(

Change in size of 
memory 

compartment!

Purging due to 
addition of memory 

cells to new 
pathogens!

{! {!



Testing the model !

•  Assumptions:!
– All “memory cells” equal!

– Turnover/homeostasis is independent of:!

– antigenic specificity!

– previous division history!

•  Predictions:!
– Loss of preexisting memory on exposure 

to novel pathogens 
  
 
!



Are all memory cells “equal” !

The CFSE dye dilution assay allows us to look at the 
turnover of memory cells specific for different lineages with 
unprecedented accuracy.!
 
Using this assay we would like to test the assumptions of 
the model, namely !

1.  Does the turnover of memory cells depend on their 
antigenic specificity?!

2.   Does it depend on time since the primary response 
or the number of divisions a cell has undergone?!



Turnover of memory cells of different specificities!
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Memory cell turnover is 
independent of specificity!
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all memory cells  
(CD44hi, CD8)!
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number of divisions 

NP396-specific  
memory cells !

turnover @ 21 days after transfer!

Poisson distribution?!



Turnover of antigen-specific memory cells!



Prediction – loss of memory following exp. to new pathogens	



1.  Need to measure total cell numbers (not percentages).	



2.  Inter mouse variation in numbers of cells about 50%. 	



���
 ���
���
	



before          after 
! !    infection !

First suggested by Selin and Welsh.  Some potential problems!



Experimental design!

memory (CD44hi) CD8 T cells (Fig. 3). In fact, this increase occurred
almost exclusively in the CD62Llo subset of memory CD8 T cells that
are often referred to as non-lymphoid effector memory T cells. These
data demonstrate that the size of the memory CD8 T-cell compart-
ment is not fixed, and grows with immunological experience.

We then counted the number of new N-peptide-specific memory
CD8T cells, as well as the number of pre-existingmemory (P14) CD8
T cells specific for LCMV (Fig. 4). As expected, no N-peptide-specific
memory CD8T cells were detected in control mice. The heterologous
prime–boost regimen resulted in so many memory CD8 T cells spe-
cific for N, that the population was equivalent in size to the entire
CD44hi (memory) CD8 T-cell population in control mice. If the size
of the memory CD8 T-cell compartment was fixed, one would pre-
dict that almost 100% of pre-existing memory CD8 T cells would be
ablated. In contrast, memory P14 CD8 T cells specific for LCMVonly
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Figure 1 | Heterologous prime–boost vaccination induces a huge addition
ofmemory CD8T cells and a permanent increase in the proportion of CD81

lymphocytes. a, A monoclonal population of memory CD8 T cells was
generated by transferring naive P14 CD8 T cells to naive mice and
immunizing with 23 105 p.f.u. LCMV. After 55 days, mice were subjected to
the heterologous prime–boost regimen (as described in ref. 7 and Methods)
or three inoculations of PBS (controls). b, c, Analysis of virus-specific CD8 T
cells in blood. In b, representative flow cytometry data indicate the
percentage of P14 among CD8 T cells (top two rows). The numbers in
parentheses indicate the percentage of P14 CD8 T cells in the heterologous
prime–boosted group relative to controlmice. The bottom two rows indicate
the percentage of N-antigen-specific CD8 T cells (as visualized by H–2KbN
tetramer staining) and the percentage of other CD8 T cells among total

lymphocytes on various days (D) after infection. In c, black squares indicate
the percentage of P14 among CD8 T cells, normalized to control mice. Red
triangles indicate the percentage among total CD8 T cells that are specific for
N antigen. d, Percentage of CD81 cells among all PBLs from control (black)
or boosted (red) mice. Error bars indicate s.e.m. and n5 16–18.
e, Interpretation of memory CD8 T-cell homeostasis depends on whether
the size of the compartment is fixed or flexible. The upper panels represent a
model of fixed homeostasis in which total cell numbers are constant and
introduction of new memory specificities erodes the absolute number of
memory cells for other pathogens. In contrast, in the flexible memory
compartment model (lower panels), addition of new memory cells is
accommodated without attrition of other clones, but the frequency of
unrelated pre-existing memory CD8 T cells declines nevertheless.
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Figure 2 | Total numbers of CD8T, CD4T, and B lymphocytes in the spleen
of control mice andmice that have been sequentially immunizedwith VSV-
NJ, VVn and VSV-IND. Between 80 and 160 days post final immunization,
the numbers of CD8 T, CD4 T, and B cells were counted in the spleen of
sequentially immunized mice (SI), and compared to that of control mice.
Statistics were determined by unpaired two-tailed t-test.
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memory (CD44hi) CD8 T cells (Fig. 3). In fact, this increase occurred
almost exclusively in the CD62Llo subset of memory CD8 T cells that
are often referred to as non-lymphoid effector memory T cells. These
data demonstrate that the size of the memory CD8 T-cell compart-
ment is not fixed, and grows with immunological experience.

We then counted the number of new N-peptide-specific memory
CD8T cells, as well as the number of pre-existingmemory (P14) CD8
T cells specific for LCMV (Fig. 4). As expected, no N-peptide-specific
memory CD8T cells were detected in control mice. The heterologous
prime–boost regimen resulted in so many memory CD8 T cells spe-
cific for N, that the population was equivalent in size to the entire
CD44hi (memory) CD8 T-cell population in control mice. If the size
of the memory CD8 T-cell compartment was fixed, one would pre-
dict that almost 100% of pre-existing memory CD8 T cells would be
ablated. In contrast, memory P14 CD8 T cells specific for LCMVonly
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Figure 1 | Heterologous prime–boost vaccination induces a huge addition
ofmemory CD8T cells and a permanent increase in the proportion of CD81

lymphocytes. a, A monoclonal population of memory CD8 T cells was
generated by transferring naive P14 CD8 T cells to naive mice and
immunizing with 23 105 p.f.u. LCMV. After 55 days, mice were subjected to
the heterologous prime–boost regimen (as described in ref. 7 and Methods)
or three inoculations of PBS (controls). b, c, Analysis of virus-specific CD8 T
cells in blood. In b, representative flow cytometry data indicate the
percentage of P14 among CD8 T cells (top two rows). The numbers in
parentheses indicate the percentage of P14 CD8 T cells in the heterologous
prime–boosted group relative to controlmice. The bottom two rows indicate
the percentage of N-antigen-specific CD8 T cells (as visualized by H–2KbN
tetramer staining) and the percentage of other CD8 T cells among total

lymphocytes on various days (D) after infection. In c, black squares indicate
the percentage of P14 among CD8 T cells, normalized to control mice. Red
triangles indicate the percentage among total CD8 T cells that are specific for
N antigen. d, Percentage of CD81 cells among all PBLs from control (black)
or boosted (red) mice. Error bars indicate s.e.m. and n5 16–18.
e, Interpretation of memory CD8 T-cell homeostasis depends on whether
the size of the compartment is fixed or flexible. The upper panels represent a
model of fixed homeostasis in which total cell numbers are constant and
introduction of new memory specificities erodes the absolute number of
memory cells for other pathogens. In contrast, in the flexible memory
compartment model (lower panels), addition of new memory cells is
accommodated without attrition of other clones, but the frequency of
unrelated pre-existing memory CD8 T cells declines nevertheless.
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Immunization regime results in over half the CD8 memory population 
being specific for new pathogens.!

memory (CD44hi) CD8 T cells (Fig. 3). In fact, this increase occurred
almost exclusively in the CD62Llo subset of memory CD8 T cells that
are often referred to as non-lymphoid effector memory T cells. These
data demonstrate that the size of the memory CD8 T-cell compart-
ment is not fixed, and grows with immunological experience.

We then counted the number of new N-peptide-specific memory
CD8T cells, as well as the number of pre-existingmemory (P14) CD8
T cells specific for LCMV (Fig. 4). As expected, no N-peptide-specific
memory CD8T cells were detected in control mice. The heterologous
prime–boost regimen resulted in so many memory CD8 T cells spe-
cific for N, that the population was equivalent in size to the entire
CD44hi (memory) CD8 T-cell population in control mice. If the size
of the memory CD8 T-cell compartment was fixed, one would pre-
dict that almost 100% of pre-existing memory CD8 T cells would be
ablated. In contrast, memory P14 CD8 T cells specific for LCMVonly
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Figure 1 | Heterologous prime–boost vaccination induces a huge addition
ofmemory CD8T cells and a permanent increase in the proportion of CD81

lymphocytes. a, A monoclonal population of memory CD8 T cells was
generated by transferring naive P14 CD8 T cells to naive mice and
immunizing with 23 105 p.f.u. LCMV. After 55 days, mice were subjected to
the heterologous prime–boost regimen (as described in ref. 7 and Methods)
or three inoculations of PBS (controls). b, c, Analysis of virus-specific CD8 T
cells in blood. In b, representative flow cytometry data indicate the
percentage of P14 among CD8 T cells (top two rows). The numbers in
parentheses indicate the percentage of P14 CD8 T cells in the heterologous
prime–boosted group relative to controlmice. The bottom two rows indicate
the percentage of N-antigen-specific CD8 T cells (as visualized by H–2KbN
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lymphocytes on various days (D) after infection. In c, black squares indicate
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N antigen. d, Percentage of CD81 cells among all PBLs from control (black)
or boosted (red) mice. Error bars indicate s.e.m. and n5 16–18.
e, Interpretation of memory CD8 T-cell homeostasis depends on whether
the size of the compartment is fixed or flexible. The upper panels represent a
model of fixed homeostasis in which total cell numbers are constant and
introduction of new memory specificities erodes the absolute number of
memory cells for other pathogens. In contrast, in the flexible memory
compartment model (lower panels), addition of new memory cells is
accommodated without attrition of other clones, but the frequency of
unrelated pre-existing memory CD8 T cells declines nevertheless.
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Statistics were determined by unpaired two-tailed t-test.
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What is the relative contribution of  
– attrition in existing memory  
– increase in size of memory pool!

Vezyz et al Nature 2009!



Change in the numbers of cells in the spleen!
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Specificity of memory CD8 cells!
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Open questions!

Discrepancy between memory in mice and men!
(numbers of CD4 and CD8, and rates of decay )!
!
Flexibility in size of the memory compartment!
(causes, limits and consequences … )!
!
Potential heterogeneity in memory  
(Rob’s talk)!
!
The role of cross-reactivity in the maintenance of 
memory.   
(Matzinger, Selin and Welsh, Ganusov … )!
!
Heterogeneity in protection by vaccination. !



Repertoire and aging!



What happens during aging?!

Czesnikiewicz-Guzik et al  
 (2008) Clinical Immunology !

Sampling restricted to blood!



Naïve CD4 T cell repertoire!

Naylor et al  (2005) J. Immunology !

(rare)!

(common)!

Relatively severe loss of the naïve CD4 T cell repertoire @ around 70 yrs!

(results qualitative …  pairing problem etc.)!



Thymic output declines much earlier!

Naylor et al  (2005) J. Immunology !

Aging and the loss of immune repertoire diversity
Philip Johnson§, Andrew Yates‡, Jörg Goronzy¤, Rustom Antia§

§Emory University, Atlanta, GA; ‡Albert Einstein College of Medicine, Bronx, NY; ¤Stanford University School of Medicine, Stanford, CA

The puzzle
A diverse array of  CD4 and CD8 T cells is required for defense 
against pathogens.  The T cell receptor (TCR) is encoded at the 
genetic level as a result of  somatic V(D)J recombination in the 
thymus.  As with any genetic diversity, we can summarize the 
diversity of  the T cell population within a single individual 
at a single point in time using the allele frequency spectrum.

Naylor et al. (2005) determined the empirical TCR frequency 
spectrum for different ages of  humans by assessing ¯ chain 
frequencies in naïve CD4+ cells using a limiting dilution assay.  
This approach provides a relative picture of  diversity useful for 
comparing different ages but cannot be interpreted on an 
absolute scale since each TCR is actually composed of  a ¯ 
chain paired with an ® chain.

References:
Czesnikiewicz-Guzik, M.; Lee, W. W.; Cui, D.; Hiruma, Y.; Lamar, D. L.; Yang, Z. Z.; Ouslander, J. G.; Weyand, C. M. & Goronzy, J. J. T cell subset-specific susceptibility to aging. Clin Immunol, 2008, 127, 107-18
Naylor, K.; Li, G.; Vallejo, A. N.; Lee, W. W.; Koetz, K.; Bryl, E.; Witkowski, J.; Fulbright, J.; Weyand, C. M. & Goronzy, J. J. The influence of  age on T cell generation and TCR diversity. J Immunol, 2005, 174, 7446-52 
Steinmann, G. G.; Klaus, B. & Muller-Hermelink, H. K. The involution of  the ageing human thymic epithelium is independent of  puberty. A morphometric study. Scand J Immunol, 1985, 22, 563-75

Testing the conventional (neutral) model

Alternative (selection) model

The conventional view holds that the 
loss in diversity is a consequence of:

1. Involution of  the thymus and 
decline in production of  new naïve 
cells (loss of  immigration)

2. Stochastic extinction during 
homeostatic replication or 
conversion into memory T cells 
(genetic drift or emigration)

3. Decline in total number of  naïve 
T cells with age (population 
shrinkage)

We perform a forward simulation of  
the naïve T cell population and track 
the following transitions:

● Emigration of  a new lineage from 
the thymus with a TCR chosen at 
random from the potential 
repertoire.  New lineages emigrate at 
time-dependent rate º[t] and start 
with clone size C=500.

● Homeostatic division at rate 
¸(1{N[t]/K[t]), where ¸=1, 
N[t] is the total population size and 
K[t] is the age-dependent carrying 
capacity.  Due to computational 
constraints, K[0]=5£105.

●  Cell death / conversion to memory 
at rate ±=0.001

Quantifying diversity
We want to compare the observed to 
predicted diversity as a function of  age 
under different models.  We will use 
two summary statistics to represent 
diversity at a given time:

● Number of  distinct TCRs

● Simpson's index:

where f
i
 is the frequency of  the i-th 

TCR

D =
X

i

f2i

Regardless of  how the thymus emigration declines or how the total 
naïve population size changes, this neutral model cannot reproduce 
the observed data!

We now modify our neutral model to 
consider the effect of  mutations (either 
genetic or epigenetic) that might lead 
to a heritable change in a lineage's 
homeostatic division rate. We 
implement this change using two 
different models:

● “additive” in which each additional 
mutation, m, increases the division 
rate: ¸=(1+C1 min[m,3])

● “jackpot” in which multiple 
mutations must accrue before any 
benefit arises: ¸=(1 + C2 1m¸ 4) 

Since mutations arise stochastically, we 
shade regions where 90% of  simulated 
trajectories fall.

While the form of  selection has yet to 
be determined, these alternative 
models fit the observed data much 
better than the conventional model.

Our finding has implications for 
immunosenescence therapy: thymic 
rejuvenation will have little effect 
under a selection model, since new 
TCR lineages from the thymus will be 
less fit than the mutated lineage(s) in 
the population.

Each curve averages over three donors who each 
had 50 chains sampled.  The x-axis scale spans 
>100-fold range in frequency but has no rigorous 
quantitative interpretation, so remains unlabeled.

Why does the naïve T 
cell diversity decrease 
suddenly in older age?

Why does the naïve T 
cell diversity decrease 
suddenly in older age?

Conventional explanation

Fig 7 from Steinmann et al. (1985) Fig 3A from Czesnikiewicz-Guzik  
et al. (2008)

~28 ± 5 years
~73 ± 4 years

Conclusions

Dashed lines represent median value; 
numbers indicate time of  1st, 2nd, etc. 
mutations in a representative simulation.
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What causes the crash in the repertoire?!

Classic population genetics problem?!
!
1.  Involution of the thymus and decline in 

production of new naïve cells (loss of immigration)!

2.  Stochastic extinction during homeostatic 
replication or conversion into memory T cells 
(genetic drift or emigration) !

3.  Decline in total number of naïve T cells with age 
(population shrinkage) "

Conventional “neutral” model !



Testing the conventional “neutral” model!
We perform a forward simulation of 
the naïve T cell population and track 
the following transitions:!
•  Emigration from the thymus  

with a TCR chosen at random from the 
potential repertoire. New lineages emigrate 
at time-dependent rate ν[t] and start with 
clone size C=500.!

•  Homeostatic division  
at rate λ(1{N[t]/K[t]), where λ=1, N[t] is the 
total population size and K[t] is the age-
dependent carrying capacity. Due to 
computational constraints, K[0]=5x105.!

•  Cell death / conversion to 
memory at rate δ=0.001/day!
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For parameters in a biologically 
reasonable regime or how the 
total naïve population size 
changes, this neutral model 
cannot reproduce the abrupt 
decline of the repertoire!



Alternative “selection” models!
We now modify our neutral model 
to consider the effect of 
`mutations` (either genetic or 
epigenetic) that might lead to a 
heritable change in a lineage's 
homeostatic division rate. We 
implement this change using two 
different models: !
•   “additive” in which each 

additional mutation, m, 
increases the division rate by 
(1+C1 min[m,3]) !

•   “jackpot” in which multiple 
mutations must accrue before 
any benefit arises and increases 
the division rate by (1+C2)!

 !
Since mutations arise 
stochastically, we shade regions 
where 90% of simulated 
trajectories fall. !
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Similarities with cancer models!

Armitage-Doll model!
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Implications and conclusions!

While the form of selection has 
yet to be determined, these 
alternative “selection” models fit 
the observed data much better 
than the conventional model. !
!
Our finding has implications for 
immunosenescence therapy: 
thymic rejuvenation will have 
little effect under a selection 
model, since new TCR 
lineages from the thymus will 
be less fit than the mutated 
lineage(s) in the population. !
!
 !
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An open problem : measuring the immunological repertoire	



How	
  diverse	
  is	
  the	
  immune	
  system?	
  
	
  
We	
  can	
  count	
  the	
  number	
  of	
  disGnct	
  α	
  
and	
  β	
  chains	
  
	
  
The	
  problem	
  is	
  determining	
  the	
  
associaGon	
  between	
  TCR	
  α	
  and	
  β	
  chains	
  
	
  
LimitaGons	
  of	
  simple	
  diversity	
  measures	
  

repertoire	
  between	
  
106	
  -­‐	
  1012	
  

#	
  of	
  α	
  chains	
  106	
  
αβ	
  diversity	
  >	
  2.5	
  107	
  ?	
  

comment	
  by	
  Kesmir,	
  
Borgans	
  &DeBoer	
  



marginal	
  frequency	
  distribu3on	
  
of	
  TCRβ	
  in	
  naïve	
  H-­‐2b	
  polyclonal	
  

condi3onal	
  frequency	
  distribu3on	
  
of	
  TCRα	
  in	
  each	
  TCRβtg	
  	
  

TCRβtg	
  (H-­‐2b)	
  
(TCRβtg1,	
  TCRβtg2…TCRβtgi)	
  

wild-­‐type	
  (H-­‐2b)	
  

β1	
   β2	
   βi	
  

frequency	
  of	
  TCRβ	
  in	
  naïve	
  polyclonal	
  CD8	
  

un
iq
ue

	
  T
CR
β	
   TCRβtg1	
   TCRβtg2	
   TCRβtgi	
  

frequency	
  of	
  TCRα	
  in	
  single	
  TCRβtg	
  CD8	
  T	
  cells	
  

un
iq
ue

	
  T
CR
α
	
  	
  

un
iq
ue

	
  T
CR
α
	
  	
  

un
iq
ue

	
  T
CR
α
	
  	
  

sequence	
  TCRα	


sequence	
  TCRβ	



frequency	
  
spectrum	
  

frequency	
  of	
  TCRαβ	
  in	
  naïve	
  CD8	
  T	
  cells	
  

Φf	
  

f	
  

also	
  compute:	
  
species richness 
Simpson’s diversity (D = 1 – ΣΦf

2) 
& other composite measures 

joint	
  frequency	
  
distribu3on	
  of	
  TCRαβ	
  	
  

A	
  potenGal	
  soluGon	
  

(proposed)	
  

(measured	
  by	
  
Joe	
  and	
  Harlan)	
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