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Abstract

Despite recent advances in immunology, several key parameters determining virus
dynamics in infected hosts remain largely unknown. For example, the rate at which
specific effector and memory CD8 T cells clear virus-infected cells in vivo, is hardly known
for any viral infection. We propose a framework to quantify T cell mediated killing of
infected or peptide-pulsed target cells using the widely used assay of in vivo cytotoxicity.
We reanalyze recently published data on killing of peptide-pulsed splenocytes by cytotoxic
T lymphocytes and memory CD8 T cells specific to NP396 and GP276 epitopes of LCMV
in the mouse spleen. Because there are so many effector CD8 T cells in spleens of mice at
the peak of the immune response, NP396- and GP276-pulsed targets are estimated to have
very short half-lifes of 2 and 14 minutes, respectively. After the effector numbers have
diminished, i.e., in LCMV-immune mice, the half-lifes become 48 minutes and 2.8 hours
for NP396- and GP276-expressing targets, respectively. Analysis of several alternative
models demonstrates that the estimates of half-life times of peptide-pulsed targets are
robust to changes in the model assumptions. Our report provides a unifying framework
to compare killing efficacy of CD8 T cell responses specific to different viral and bacterial
infections in vivo, that may be used to compare efficacy of various CTL-based vaccines.

Abbreviations: LCMV, lymphocytic choriomeningitis virus, CTLs, cytotoxic T lym-
phocytes, TDLs, thoracic duct lymphocytes, Cls, confidence intervals, RSS, residual sum
of squares.
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1 Introduction

The time course of a CD8 T cell response to several acute viral infections in mice is well
understood (3, 18, 52), but several key parameters determining dynamics of the virus and
virus-specific CD8 T cells are yet to be determined. For example, the death rate of virus-
infected cells due to a CD8 T cell response and the per capita killing efficacy of CD8 T cells is
hardly known for most viral infections.

In a series of elegant articles, a new experimental method for measuring cytotoxicity of
peptide-specific CD8 T cells in vivo was introduced (2, 7, 15, 30, 32). In this assay, peptide-
pulsed and unpulsed target cells are transferred into mice harboring epitope-specific T cells, and
elimination of pulsed targets is used as indication of Ag-specific killing in vivo (6, 13, 16, 28)
(reviewed in (29)). Despite of the widespread use of this technique to measure epitope-specific
killing in acute and chronic viral infections (1, 23, 25, 33, 40, 42, 44, 49), by naive CD8 T cells
(14), by CD4+ T cells (11), or during graft rejection (21), the output of the assay remains
semi-quantitative. Usually, one reports the percent killing of peptide-pulsed targets in a short
term Kkilling assay. Due to semi-quantitative nature of the assay, it is hard to compare the
efficacy of CD8 T cell responses to different agents in vivo, e.g., due to different time windows
used for the assay, different tissues sampled (e.g., spleen, lung, lymph nodes), different numbers
of CD8 T cells present in the tissue, etc. In contrast, killing of target cells in vitro has been
investigated in great detail (34-36).

In this report we illustrate how the killing efficacy of CD8 T cell responses can be estimated
using the in vivo cytotoxicity assay. Currently, there are two types of experiments in which
CD8 T cell mediated cytotoxicity is measured in vivo. In a few studies, killing of peptide-pulsed
targets is recorded in a time series regularly over a short time period (6, 13), but in most other
experiments killing is measured at a single time point. In this report we demonstrate how using
either time series data or single point measurements, one can estimate the death rate or half-life
times of peptide-pulsed targets due to CD8 T cell mediated killing.

Our work builds upon several previous studies attempted to estimate killing efficacy of
CD8 T cells in vivo, and adds several improvements to the previous analysis (7, 37, 51). In a
pioneering study, Barchet et al. (7) have estimated the half-life of target cells, expressing the
GP33 epitope of LCMV, at the peak of the immune response to LCMV. As we show here their
study underestimated the killing efficacy of the GP33-specific CD8 T cell response, by assuming
rapid migration of target cells from the blood to the spleen. Regoes et al. (37) extended the
previous study by explicitly describing recruitment of targets from the blood to the spleen, and
by estimating the per capita killing efficacy of memory and effector CD8 T cells specific to two
epitopes of LCMV. Yates et al. (51) further extended this work by proposing a different fitting
procedure for the estimation of the per capita killing efficacy of CD8 T cells. In this paper we



show that the model, originally proposed by Regoes et al. (37), does not adequately describe the
loss of peptide-pulsed targets over time in the data of Barber et al. (6). We formulate several
alternative models that are more consistent with the analyzed data, and show that from a
single measurement of in vivo cytotoxicity one can estimate the death rate of target cells due
to CD8 T cell-mediated killing. Finally, we demonstrate that the estimates of the death rate
of pulsed targets are robust to several changes in the model. In contrast, the estimates of the
per capita killing efficacy of CD8 T cells in vivo depend critically on the model assumptions
(Ganusov and De Boer, ms. in preparation), and therefore are less reliable. These results
strongly argue that in the absence of a better understanding of the process of killing of cells
in the spleen, one should aim at estimating the overall efficacy of CD8 T cell responses by
calculating the death rate or half-life times of peptide-pulsed targets and not by estimating the
per capita killing efficacy of CTLs as has been done before (37, 51). We also suggest additional
experiments for further testing of specific predictions of the analyzed models that may allow
for better understanding of how viral infections are controlled by CD8 T cell responses.

2 Material and Methods

2.1 Cytotoxicity in vivo

The method of measuring cytotoxicity of CD8 T cells in vivo has been described in detail
elsewhere (29). In short, a population of mouse splenocytes is labeled with an intermediate
concentration of CFSE and incubated with a relevant peptide in vitro (pulsed targets). Another
population of splenocytes is labeled with a high concentration of CFSE and left unpulsed
(unpulsed targets). Both peptide-pulsed and unpulsed cell populations are transferred into
syngenic hosts (generally i.v.), and the loss of peptide-pulsed targets is measured in the organ
of interest, usually the mouse spleen. The percent killing is estimated from the reduction in
the ratio of the percentage of pulsed target cells to unpulsed cells, which is corrected for the

initial ratio (29). This calculation is similar to that used in the standard *'Cr release assay
(6). For example, if 4 hours after cell transfer, 10% of pulsed and 90% of unpulsed cells are
recovered from the mouse spleen (£2; = 0.10/0.90), and the initial ratio of pulsed to unpulsed

cells was 45% to 55% (/7, = 0.45/0.55), then the (corrected) ratio of pulsed to unpulsed targets
is R= R;/R, =0.10/0.90 : 0.45/0.55 =~ 0.14 and the percent killing is L =1 — R = 86% (29).

In this report, we analyze recently published data on killing of peptide-pulsed splenocytes
by LCMV-specific effector and memory CD8 T cells (6, 37). The cytotoxicity in vivo assay was
conducted as described above with some modifications. Target splenocytes were pulsed with
NP396 or GP276 peptides of LCMV, or were left unpulsed. Cells were transferred into syngenic
mice either infected with LCMV 8 days before ( “acutely infected” mice), or into mice recovered
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from LCMV infection (LCMV-immune or “memory” mice). At day 8 after the infection, the
CDS8 T cell response to LCMV reaches its peak, and by 30 to 40 days after the infection, the
CD8 T cell response contracts and the memory phase starts (3, 31). At different times after the
transfer of target cells, spleens were harvested, and the number of pulsed and unpulsed targets,
splenocytes, and peptide-specific CD8 T cells was measured.

2.2 Mathematical model for the cytotoxicity in vivo assay

Following intravenous (i.v.) injection, target splenocytes migrate to different tissues. The
route of recirculation of splenocytes in mice has not been thoroughly investigated, however.
Migration of radioactively labeled lymphocytes, mainly thoracic duct lymphocytes, from the
blood to different organs and back to blood has been extensively studied in rats and sheep
(22, 38, 39, 45, 47), but may be different from that of splenocytes (38, 39). From previous
studies it is expected that many splenocytes enter the spleen (22, 39), one of the major lymphoid
organs (24). Given these immunological details, modeling migration of pulsed and unpulsed
targets from the blood to the spleen (or potentially other organ of interest) is done with a two
compartment model similar to the one that has been proposed earlier (37).

Target cells injected i.v. migrate from the blood to the spleen at a rate o, die at a rate
e due to preparation techniques (independent of CD8 T cell mediated killing), or migrate to
other tissues and/or die elsewhere at a rate 6. Because of the method of obtaining single cell
suspensions (e.g., mincing the spleen or pushing it through a mesh) and long handling times,
transferred splenocytes are expected to have some intrinsic death rate (27). Additional indirect
evidence of low survival of splenocytes comes from the observation that generally only 10% or
less of adoptively transferred lymphocytes (or splenocytes) are recovered in the spleen and major
lymph nodes of recipient mice (26, 50). This is in contrast with thoracic duct lymphocytes,
sampled from the lymph and therefore expected to undergo less mechanical death, since up to
80 to 90% of TDLs are recovered after adoptive transfer in rats (39, 46, 47). In the spleen,
unpulsed and pulsed targets die due to preparation-induced death rate €, and pulsed targets
also die due to CD8 T cell mediated killing, described by the rate K. The model equations are

dsjt(t) = —(6+0+€)8s(t), (1)
9‘? — oSa(t) — eS(1), (2)
d:’;’ft(t) = —(6+0+oTs(t), (3)
%it) = oTp(t) — €T(t) — KT(2), (4)



where Sp(t) and Tpg(t) are the numbers of unpulsed and peptide-pulsed target cells in the
blood, respectively, and S(t) and T'(t) is the number of unpulsed and pulsed targets in the
spleen, respectively, o is the rate of migration of target cells from the blood into the spleen,
and 4 is the rate of cell migration/death from blood to other organs, € is the extra death rate of
transferred splenocytes due to preparation (independent of epitope-specific CD8 T cells), and
K is the death rate of peptide-pulsed targets due to CD8 T cell mediated killing in the spleen.
The initial conditions for the model are Sp(0) = T5(0) = 5 x 10° cells and S(0) = T'(0) = 0
(6). Because there is a constant number of epitope-specific CD8 T cells in the spleen in 4 hour
experiments (data not shown), the death rate of peptide-pulsed targets K due to CD8 T cell
mediated Kkilling is assumed to be constant over time. Note that in this formulation of the
model, we assume that there is no specific killing of peptide-pulsed targets in the blood (see
Alternative models). Also note that we extend the previously suggested model (37) by adding
an extra death rate e due to preparation of targets. As we show in the main text, this extension
is absolutely required for a satisfactory description of the data. One can easily solve the model
equations and arrive at following formulas

S = - ° o=, (5)
(d _ 6) e—dt A e—(e+K)t
R(?) (e+ K —d) { e~et — g—dt J . (6)

where d = o + € + 0 is the rate of removal of cells from the blood, ¢ = Sg(0)o, and R(t) =
T(t)/S(t) is the ratio of the number of pulsed to unpulsed targets in the spleen at time t.
A simple analysis shows that the decline in the logarithm of the ratio, log(R(t)) over time is
biphasic with the initial decline rate K /2, and a slower rate thereafter being determined by
the difference between the rate of removal of targets from the blood d and the preparation-
induced death rate e (if K > d, see Figure 2 and Appendix). Fitting simple exponential
or bi-exponential functions to data on the decline in the ratio R(t) for NP396- and GP276-
pulsed targets in acutely infected mice confirms the biphasic nature of the decline (single vs.
double exponential decline fitted to arcsin(\/ﬁ) transformed data, Fb 34 = 70.45, p < 0.001 for
NP396-pulsed targets, and Fh 34 = 10.27, p < 0.01 for GP276-pulsed targets). The arcsin(v/R)
transformation is widely used to normalize frequency data distributed between 0 and 1 (53).

When killing of peptide-pulsed targets is measured at several time points after the transfer,
one should fit the model solutions given in eqn. (5) and (6) to the data to estimate the death
rate of peptide-pulsed targets K due to CD8 T cell mediated killing.

When the killing assay is done for one time point, one can obtain an estimate of the minimal
and maximal death rate of peptide-pulsed targets K under the assumptions of the above model
and assuming small preparation-induced cell death rate (i.e., ¢ — 0; see Supplementary Infor-
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mation). The upper bound estimate for K is obtained by assuming that the rate of removal of
cells from the blood is minimal, i.e., d — 0. The estimate of the death rate of peptide-pulsed
targets Knax is then found by solving the transcendental equation:

1— e—Kmaxt

Kmax = = S
T (7)

where R is the ratio of pulsed to unpulsed targets at time of the assay t. Note that when the
death rate Ky is large (i.¢.. [,/ > 1), then Kyax ~ 1/(Rt). The minimal estimate for the
death rate of infected cells, K,,, is found when migration of target cells into the organ where
the killing occurs is instantaneous (i.e., when o — oo in eqn. (6)):

Knpin = —¥. (8)

Survival of peptide-pulsed targets can also be expressed as half-lifes, T’/ = In2/K, Tiin =
In2/Kax and Tax = In2/K ;.. Note that to determine the death rate of targets due to CD8
T cell mediated killing one needs not measure the number of epitope-specific CD8 T cells at
the site of killing.

It should be noted, however, that besides the main model with the preparation-induced cell
death (given in eqn. (5)—(6)), several alternative models can describe the data on killing of
peptide-pulsed targets with reasonable quality. However, as we discuss in the Results section,
these models require specific parameter values that we believe are not consistent with available
data. Nevertheless, additional experemental data are required to discriminate between the
alternative models.

2.3 Estimation of the death rate of target cells from the time series
data

We fit the data on recruitment of unpulsed cells into the spleen (“recruitment” data) and on
killing of peptide-pulsed target cells (“killing” data) with the model simultaneously for all 6
populations of cells (i.e., unpulsed and pulsed with either the NP396 or GP276 epitope) in
acutely infected or memory mice using eqn. (5) and (6).

To describe recruitment of target cells from the blood to the spleen, we assume that the
recruitment occurs at different rates in different mice. Indeed, plotting the total number of
unpulsed target cells in the spleen versus the number of splenocytes for any particular time
point, reveals that the number of target cells, recruited into the spleen, increases with the spleen
size (Figure 1). Therefore, for every mouse, the rate of entrance of cells into the spleen, o, is
assumed to depend linearly on the number of splenocytes,

6
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Figure 1: Plotting correlations between the number of unpulsed cells found in the spleen at different
time points after transfer (shown in minutes) as the function of the number of splenocytes in acutely
infected (panel A) and memory (panel B) mice. There is a positive correlation between the total
number of unpulsed cells found and the number of splenocytes for most time points analyzed, This

suggests that the rate of recruitment of targets inte the spleen depends on the spleen size.

g; =« X (Ns)i (9)

where (IV,); is the number of splenocytes in the i mouse and « is a coefficient. Because there
are more splenocytes in acutely infected mice than in spleens of memory mice, we allow for two
coeflicients a4 and «a; to relate the rate of recruitment of targets from blood to the spleen and
spleen size in acutely infected and memory mice, respectively. The extra death rate of targets
€ and the rate of migration to other organs ¢ are assumed to be the same in different mice.

Targets pulsed with different peptides may have different death rates in the spleen due to
CD8 T cell-mediated killing, in part due to different sizes of populations of epitope-specific
CD8 T cells. Then K% p and K¢p are the death rates of NP396- and GP276-expressing targets
in acutely infected mice (due to killing by effector CD8 T cells). Similarly, K%p and K% are
the death rates of NP396- and GP276-expressing targets in memory mice (due to killing by
memory CD8 T cells).

2.4 Estimation of the death rates of target cells from a single time
point

Measuring killing of peptide-pulsed targets at one time point does not allow for a rigorous test of

different modeling approaches (as shown in Results). However, using the simple formulas given

in eqn. (7) and (8), one can obtain maximal and minimal estimates of the death rate of peptide-
pulsed targets due to CD8 T cell mediated killing. Specifically, for every measured fraction of

5



target cells killed L, one calculates the ratio R = 1 — L, and using eqn. (7) and (8) finds an
estimate of the maximal and minimal death rates of peptide-pulsed targets, respectively.

2.5 Statistics

To fit both recruitment and killing data at the same time we log-transform the data and the
model predictions. This resulted in well-behaved residuals with a distribution statistically not
different from a normal distribution (8, p = 0.08, Shapiro-Wilk normality test). To access
lack of fit of the data with repeated measures we use the F-test (8, p. 29). To compare the
quality of the fit of different models, we perform the partial F test to compare two nested
models by the difference hetween their residual sum of squares (RSS) per additional parameter
divided by the residual mean square of the largest of the two models (8, p.104). The residual
mean square (MNSQ) is RSS divided by the residual degrees of freedom, ie., the difference
between the number of data poiuts and the number of free parameters (8). The F distribution
is parameterized by 2 degrees of freedom, F, x. The one in the numerator (n) is the difference
in the number of parameters between the two models. The one in the denominator (k) is
the number of degrees of freedom of the largest model (i.e., the number of data points minus

the muuber of parameters). Fittings were done in Mathematica 5.2 using the FindMinimum

routine.

3 Results

3.1 Estimating the death rate of peptide-pulsed targets using time
series data

We propose a mathematical model to estimate the killing efficacy of CD8 T cell responses
using the in vivo cytotoxicity assay. The model describes the recruitment of unpulsed targets
from the blood to the spleen, and the decline of the ratio of peptide-pulsed to unpulsed targets
over time due to CD8 T cell mediated killing. Two mechanisms are included in the model: 1)
target cells may die because of the preparation of single cell suspensions, and 2) the rate of
recruitment of targets cells from the blood to the spleen depends on the spleen size in individual
mice. The model was fitted to the data on killing of NP396- and GP276-pulsed targets in mice,
acutely infected with LCMV (8 days after the infection), and LCMV-immune, memory mice
(see Material and Methods for more detail).

We find that the proposed model (given in eqn. (5)—(6)) describes reasonably well the
recruitment of unpulsed targets into the spleens of acutely infected and LCMV-immune mice
(Figure 2A&B). This result suggests that the rate of recruitment of cells into the spleen was
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dependent on the spleen size (see also Figure 1). This was also true for acutely infected mice
since assuming a constant rate of cell recruitment into the spleen in acutely infected mice
resulted in a 25% decrease in the quality of the model fit to the data (or consequently, increase
in the residual sum of squares from 14.2 to 18.9 for the data from acutely infected mice; results
not shown).

Importantly, the model also predicts a biphasic decline in the ratio of NP396-pulsed to
unpulsed targets over time in acutely infected mice similarly to what is observed in the data
(Figure 2C); changes in the ratio are well reproduced for memory mice as well (Figure 2D&F).
Overall, the data are described by the model with reasonable quality as judged by the lack of
fit test (Fag 162 = 1.53, p = 0.053; the low p-value is due to several outliers such as those shown
in Figure 2C at 120 min) and by the distribution of the residuals (p = 0.08, Shapiro-Wilk
normality test).

Interestingly, we could set the rate of migration of target cells from the blood to other
organs ¢ to 0 without reducing the quality of the model fit to data (F}190 = 0.17, p = 0.68).
This suggests little or no migration of cells to other organs of mice. Reducing the number of
other parameters in the model always resulted in a significantly worse description of the data.
In particular, setting the rate of the preparation-induced cell death rate € to 0 (in the model
where § > 0) resulted in significantly worse fits of the data (F} 190 = 19.82, p < 0.001), mainly
because of a poor description of recruitment of unpulsed targets into the spleen. This argues
that the previously suggested model (37), which lacked this extra parameter, does not provide a
satisfactory description of the data. This is further confirmed by the lack of fit test of the model
with € = 0 (Fag162 = 2.26, p < 0.01). Allowing for a4 = ap (these parameters determine
the rate of cell migration from the blood to the spleen in acutely infected and memory mice,
respectively) also resulted in significantly worse fits of the data (F} 191 = 13.59, p < 0.001).

Finally, assuming that recruitment of target cells from the blood to the spleen occurs sim-
ilarly in all mice, i.e., independently of their spleen size, led to much worse fits of the data
(RSS=72.57). This further argues in favor of our hypothesis that recruitment of target cells
into the spleen occurs at different rates in different mice.

Our analysis provides novel estimates for the half-life times (or death rates) of peptide-
pulsed target cells in spleens of mice acutely infected and in mice that have cleared LCMV.
We find that NP396- and GP276-pulsed targets have a half-life of 2 and 14 minutes in acutely
infected mice, while half of pulsed targets are eliminated in 48 minutes and 2.8 hours in memory
mice. The short half-life of peptide-pulsed targets in acutely infected mice is most likely due to
a large population of epitope-specific CD8 T cells, present at the peak of the immune response.
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Figure 2: Fitting the data on recruitment of target cells to the spleen (A-B) and on killing of peptide-
pulsed targets in the spleen (C-F). Panels A and B show the recruitment of unpulsed targets into the
spleen, and panels C-F show the decline in the the ratio of pulsed to unpulsed targets in the spleen
due to CD8 T cell-mediated killing over time. Panels A, C, and D are for acutely infected mice, and
panels B, E, and F are for memory mice. Panels C and E are for NP396-pulsed targets and panels
D and F are for GP276-pulsed targets. Black dots (e) denote measurements from individual mice,
and black lines denote the log average value per time point. Gray boxes (' |) show the number of
recruited cells predicted by the model for individual mice (panels A and B) or the predicted average
ratio (panels C-F). Gray lines show the log average between individually predicted values (A-B) or
the predicted average ratio (C-F). Note a different scale for killing of target cells in acutely infected
(panels C and D) and memory (panels E and F) mice. Parameters providing the best fit of the model
are shown in Table 1. The residual sum of squares (RSS) for this fit is 65.55.
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Parameter Mean Low 95% CI  High 95% CI
PR—— 471x 103 | 334x 103 617 x 103
aa, min~! 717 % 1072 | 558 x 10722 922 x 19712
ay, min~! 1.30 x 10711 | 0.92 x 101! 1.89 x 10~
K%p, min~! | 3.45 x 107! | 2.59 x 107! 4.56 x 107!
Kép, min~! | 5.0x 1072 [3.80x 1072 6.41x 1072
KTp, min~' | 144 x 1072 | 110 x 1072 1.82 x 10~2
KZo, min~' | 415x 1073 | 3.21 x 10  5.52 x 10~

Table 1: Parameters providing the best fit of the model with preparation-induced death of targets
(given in eqn. (5)—(6)) to the data. Here ay and aps are coefficients relating the recruitment rate of
cells into the spleen in acutely infected, 0 = a4 N; and LCMV-immune mice, 0 = ajsNg, and the
number of splenocytes in individual mice N;. In the fits, the rate of migration of labeled splenocytes to
other organs § was fixed to 0 since this did not affect the quality of the model fit to data (Fj 190 = 0.15,
p = 0.68). Data and model fits are shown in Figure 2. The death rate of targets estimated by the
model in acutely infected mice is K% p = 497 and K¢&p = 72 per day for NP396 and GP276-pulsed
targets, respectively. In memory mice, the death rate of peptide-pulsed targets is K3/p = 21 and
K7'p = 6 per day for NP396 and GP276-pulsed targets, respectively. These rates correspond to the
half-lifes of 2 and 14 minutes for NP396- and GP276-expressing targets at the peak of the CD8 T cell
response, and 48 minutes and 2.8 hours for NP396- and GP276-expressing targets in LCMV-immune
mice, respectively. Confidence intervals (CIs) were calculated by bootstrapping the data with 1000
simulations (19).

11



3.2 Estimating the death rate of peptide-pulsed targets from single
measurements

For every measured ratio of pulsed to unpulsed targets in the same data, we can also use the
formulas given in eqn. (7) and (8) to estimate the maximal and minimal death rates of peptide
pulsed targets in spleens of acutely infected or memory mice, due to CD8 T cell-mediated killing
(Figure 3). The analysis shows that there is a large variability in the estimated death rates,
especially for NP396-pulsed targets, suggesting a large measurement noise in estimating the
percent of peptide-pulsed targets killed. Interestingly, the average of the maximum death rate
of peptide-pulsed targets is only slightly higher than the predicted death rate K obtained by
the analysis of the time series data (see Table 1). This argues that this method of calculation
does deliver reliable estimates for the death rate of peptide-pulsed targets but may require
repeated measurements of killing. In contrast, the minimal estimates of the death rates of
peptide-pulsed targets are up to 10 times lower than the fitted values, especially for cases when
killing is very fast (Figure 3). This discrepancy may explain the very low estimates of the death
rate of peptide-pulsed targets found in a previous study (7) that assumed rapid migration of
target cells from the blood to the spleen (and, therefore, estimated K, see also Discussion).
Since the maximum estimate of the death rate of peptide-pulsed targets is relatively robust to
changing the model in various ways (for example, assuming killing of peptide-pulsed targets
in the blood, see Appendix), one can use K.« as an upper bound estimate for the efficacy of
antigen-specific CD8 T cell responses in vivo.

3.3 Alternative models, potential problems and future experimental
tests

The biphasic decline in the ratio of peptide-pulsed to unpulsed targets (e.g., Figure 2C) is one
of the important features of the these data that was missed in the previous analyses. There are
several alternative models that can provide the slowdown of the decline in the ratio over time.

In the main model, in which target cells have a preparation induced poor survival in recipient
hosts, the slowing down of the decline in the ratio R is due to a slow removal of target cells from
the blood (given by the parameter d = e+ 0+ 0). At very high rates of killing of peptide-pulsed
targets, killing in the spleen can indeed become limited by the rate of recruitment of pulsed
targets from the blood to the spleen. The preparation-induced cell death rate is then required to
properly describe the recruitment of unpulsed targets from the blood to the spleen. For acutely
infected mice we estimate the average rate of removal of cells from the blood d ~ 0.006 min~!
corresponding to the half-life of cells in the blood of 1.95 hours. To our knowledge, the rate
of removal of splenocytes from circulation has not yet been estimated, and future experiments
would be needed to test this quantitative prediction of our model. Interestingly, some studies
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Figure 3: Maximal (o) and minimal (()) estimates of the death rate of peptide-pulsed cells, due to
CD8 T cell-mediated killing, obtained from a single measurement of killing of peptide pulsed targets
(using eqn. (7) and eqn. (8)). Average maximum estimates and standard deviations are: 812 £ 1160
per day (NP396 acute, panel A), 110 4= 68 per day (GP276 acute, panel B), 23 + 17 per day (NP396
memory, panel C), 7+ 4 per day (GP276 memory, panel D). The average minimal estimates and the
standard deviations are: 68 + 47 per day (NP396 acute), 35 = 27 per day (GP276 acute), 8 + 4 per
day (NP396 acute), 3 + 2 per day (GP276 memory). Dashed horizontal lines denote estimates of the
death rate of peptide-pulsed targets obtained by fitting the time series data (see Figure 2 and Table
1). Large variation in individual estimates of the death rate of targets suggests that one should aim
for performing longitudinal killing assays that allow for more precise estimation of the death rates of
peptide-pulsed targets.
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have found that transferred splenocytes can be detected in the blood for long periods of time,
although the rate of their removal from the blood has not been estimated (1, 2). The net slow
removal of targets from the blood could also come from influx of cells that first migrated to
other organs such as lung or liver, and then back to the circulation (39, results not shown). It
is important to note, however, that the estimated rate of removal of splenocytes from the blood
is several fold lower than that of thoracic duct lymphocytes (TDLs) that reside in the blood of
rats only for ~ 30 min (22, 39).

The biphasic decline of the ratio of pulsed to unpulsed targets could also be due to a loss
of recognition of peptide-pulsed targets by epitope-specific CD8 T cells. This may occur, for
example, due to different expression levels of peptide-MHC complexes on the surface of target
splenocytes, due to migration of targets into areas of the spleen hardly reachable by activated
CD8 T cells (e.g., B cell zones), or due to the loss of peptides from the surface of peptide-pulsed
cells (51). Since the latter is most mechanistic, we have formulated a model describing the loss
of peptides from MHC molecules on the cell surface, and indeed this model produced expected
biphasic fits of the data (see Appendix and results not shown). The model fits suggested that
peptide-pulsed targets should become unrecognizable by epitope-specific CD8 T cells with the
half-life time of about 4 hours. Given that the half-life of most specific peptide and MHC
class I molecule complexes in vitro ranges from 6 to over 20 hours, (5, 12, 41, 43), the loss of
recognition by CD8 T cells by peptide-pulsed cells in the time scale of 4 hours seems rather fast.
Additional experimental work would be required to investigate the rate at which peptide-pulsed
targets become unrecognizable by epitope-specific CD8 T cells in vivo.

Our main model allowing for the preparation-induced (CD8 T cell independent) cell death
predicts that at the constant death rate ¢ ~ 0.005 min~!, very few unlabeled splenocytes
(=~ 0.03% of the transferred number) are expected to be found in the spleen at 24 hours after
the transfer. This is not realistic since it is known that at 24 hours after adoptive transfer about
5-10% of transferred cells are found in the spleen (9, 26). It is natural to assume, however, that
the preparation induced death rate declines over time. This would imply that many cells die
initially and fewer cells die later after preparation (27). Simple extension of the main model to
include a decline in the death rate e with time, i.e., € = ¢y x exp[—/t], also describes the data
with reasonable quality and predicts accumulation of 9% of injected unpulsed targets in the
spleen by 24 hours (¢, = 0.013 min~!, 8 = 0.008 min~'). Because the estimated rate of decline
3 is relatively small, this modification of the model does not affect substantially the dynamics
of peptide-pulsed or unpulsed targets on the short time scale of the experiment (/| ;o5 = 1.83,
p=0.18).

Because of a relatively high estimate for the preparation-induced cell death rate, our model
fits also predict a very slow rate of migration of targets to other organs, § ~ 6.3 x 10~ min™!
(with the 95% CIs (0,3.5 x 107* min~!)). Simple analysis suggests that about 2.1 x 10° (or
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maximally 1.4 x 10°) injected unpulsed targets will migrate to other organs in 4 hours of the
assay. Measuring the number of unpulsed targets in other organs of mice (e.g., lung or liver)
at different times after cell transfer, may allow for experimental testing of this specific model
prediction.

We have also formulated and analyzed another model in which cells that have migrated to
the spleen can also migrate back to the blood. Kinetically, this model is very similar to the model
with preparation-induced cell death (results not shown). The model also provided reasonable
description of the data, and the biphasic decline in the ratio of pulsed to unpulsed targets in
this model is also due to a slow removal of targets from the blood. The model also predicts a
10-fold higher rate of migration of targets to other organs of mice, § & 5.0 x 10~ min~!, and as
a consequence, a higher maximal number of target cells migrating to other organs (~ 3.1 x 10).
This alternative model also estimated a relatively short half-life time of unpulsed targets in the
spleen, T/, = 2 h, which is 2 to 3 fold smaller than the estimated half-life time of thoracic duct
lymphocytes in the spleen in rats (22, 39).

The biphasic decline in the ratio of peptide-pulsed to nnpulsed targets could also arise if the
death rate of peptide-pulsed targets due to CDS T cell mediated killing declines over time. For
example, the killing efficacy of CDS T cells may depend on the density of peptide-pulsed targets
with higher target cell densities leading to a higher killing efficacy. This, in turn, may arise if
peptide-pulsed target cells stimulate CD8 T cells to increase their eytotoxicity (e.g., upregulate
Fasl, perforin, etc). Phenomenologically, changes in the death rate of pulsed targets with their
density could be modeled by replacing the death term K7 in eqn. (4) with K77 with a > L.
This phenomenological model, when fitted to data, indeed allowed for the biphasic decline
of the ratio R (with estimmated a = 1.68), although the quality of the model fit to data was
worse than the mechanistic models discussed above (RSS=70.55, results not shown). Thus, a
poor fit of the model with density-dependent death rate of peptide-pulsed targets makes this
phenomenological model less likely than a more mechanistic model with preparation-induced
cell death.

In our analysis we assumed that killing of peptide-pulsed targets occurred only in the spleen.
Extending the model to allow for killing of peptide-pulsed targets in the blood did not lead
to a significantly better description of the data (Fj 91 = 0.01, p = 0.99). However, future
experiments may need to investigate whether any killing of peptide-pulsed targets occurs in
the blood since in general this can affect estimation of model parameters (see Appendix and
results not shown).

In summary, we find several realistic alternative models that describe the data well. For finer
discrimination between rival models, additional experiments are necessary to test specific pre-
dictions of these models. Most importantly, the estimates of the death rates of peptide-pulsed
targets due to CD8 T cell mediated killing are quantitatively similar in all these alternative
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models (with the exception of the model with density-dependent death rate of targets; results
not shown). This further highlights the robustness of the proposed modeling framework for
estimation of the killing efficacy of CD8 T cell responses in vivo.

4 Discussion

In this report we have formulated a novel approach allowing estimation of the death rate of
peptide-pulsed targets due to CD8 T cell-mediated killing from the in vivo cytotoxicity assay.
We have shown how measuring killing of peptide-pulsed targets at one or several time points
allows one to estimate the death rate of epitope-expressing target cells. This report, thus, forms
a basis for quantification of the widely used approach to measure cytotoxicity of T cells in vivo.

A previous study using measurements of frequency of CD8 T cells in the mouse spleen
following acute LCMV infection, has investigated whether effector and memory CD8 T cells
have similar per capita killing efficacies (37). Here we show that in the absence of measured
CTL frequencies one can estimate the death rates of peptide-pulsed targets due to CTLs and
therefore measure cytotoxic efficacy of the CD8 T cell response in vivo. Neglecting the numbers
of epitope-specific CD8 T cells may seem like a step backwards from previous studies (37, 51).
However, to estimate the per capita killing efficacy one has to make assumptions on how the
death rate of targets is functionally related to the number of epitope-specific T cells. This is
generally unknown, and assuming different types of killing terms may change the estimated
per capita killing efficacy by orders of magnitude. For example, at the peak of the CD8 T
cell response to LCMV, there are E ~ 1.1 x 107 NP396-specific CD8 T cells in the mouse
spleen (6, 31). Assuming the mass-action killing term K = kF, the per capita killing efficacy
of NP396-specific CD8 T cells is k = K% p/E &~ 4.5 x 107 cell™! day~!. However, if the death
rate of pulsed targets were to saturate at high effector numbers, K = kE/(1 + cgFE), then the
estimated per capita killing rate depends on the half-saturation constant cg, i.e., k ~ cgK (for
E > 1). For cg = 1075, one obtains k &~ 5 x 10™* cell™! day~! which is 11 times higher than
if the killing follows mass-action. Therefore, in the absence of solid knowledge of how to model
target and CD8 T cell encounter in the spleen, estimating the death rate of pulsed targets due
to CD8 T cell mediated killing seems to be most appropriate and robust.

Our analysis suggests that there is a correlation between the number of target cells entering
the spleen from the blood at a given time point and the spleen size. Such a correlation may be
expected to arise simply due to experimental techniques, since the total number of recruited
cells in the spleen is calculated by multiplying the frequency of unpulsed targets in the spleen
by the number of splenocytes. In the presence of measurement noise, this by itself leads to
a positive correlation between spleen size and the number of cells, recruited to the spleen.
Alternatively, a larger number of blood vessels in the spleen could lead both to a larger spleen
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size and a larger cell entrapment area, and as the result, to a faster rate of recruitment of cells
into a larger spleen. In this respect it is interesting to note that a two-fold slower rate of cell
recruitment to the spleen in acutely infected as compared to memory mice (s vs. ayy, see
Table 1) may indicate a decreased rate of cell immigration to the spleen from the circulation.
This is likely to occur close to the peak of the immune response when many antigen-specific T
cells leave lymphoid organs and migrate to peripheral tissues. Future studies need to address
the migration pattern of splenocytes in mice and investigate potential mechanisms that may
affect recruitment of target cells into the spleen.

We find that peptide-pulsed targets survive in acutely infected mice only for a few minutes.
Such extremely short half-lifes are due to a large population of effector CD8 T cells present at
the peak of the immune response. Because there are fewer memory CD8 T cells than effector
CD8 T cells at the peak of the immune response, peptide-pulsed targets survive for longer times
in LCMV-immune mice. Importantly, the overall killing efficacy of epitope-specific CD8 T cell
response is correlated with the magnitude of the response. NP396-specific effectors reach the

specific effectors ((3.6 & 1.4) » 10°%), NP396-specific memory CDS T cells ((3.3 + 2.5) x 10%)
and GP276-specific memory CDS T cells ((2.14 1.5) x 10%). Therefore, a low killing efficacy of
CD8 T cell responses observed in some studies could simply arise because of a small number of
antigen-specific CD8 T cells and not because of a low per capita killing efficacy of CD8 T cells.

Comparing to previous studies (7, 37, 51), we provide the highest estimates for the death
rate of peptide-pulsed targets in mice, acutely infected with LCMV, and in LCMV-immune
mice. In their pioneering study, Barchet et al. (7) estimated the death rate of GP33-expressing
targets to be about 5 per day. This is almost 100 fold lower than our estimate for the death
rate of NP396-pulsed targets and about 14 times lower than the estimate for GP276-pulsed
targets. This difference could arise due several reasons. First, Barchet et al. (7) assumed a
rapid migration of target cells from the blood to the spleen. Assuming a similar rapid migration
of cells into the spleen in our model led to dramatically lower estimates for the death rate of
pulsed targets in acutely infected mice (Kfp = 30 day™' and K&p = 16 day~! or about
5 to 15 times lower than the estimates given in Table 1). Second, Barchet et al. (7) used
splenocytes from H8 mice that ubiquitously express the GP33 epitope of LCMV, and the level
of expression of the endogenously produced peptide could be lower than that of a target cell
pulsed with a high concentration of the specific peptide. Indeed, previous studies have found
that the percent targets killed in the in vivo cytotoxicity assay depends on the amount of the
peptide used for pulsing (6, 13). Finally, GP33-specific CD8 T cells may have a lower per capita
killing efficacy than NP396- or GP276-specific CD8 T cells, leading also to the lower death rate
of GP33-expressing targets.

Our estimates for the death rate of pulsed targets are also higher than those calculated
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from a previous study by multiplying the estimated per capita killing efficacy of effector and
memory CD8 T cells and their frequency in the mouse spleen (37). The main reason for this
is that the model, proposed by the authors, poorly describes the early loss of NP396- and
GP276-expressing targets in acutely infected mice (results not shown). We have shown that
the early decline in the ratio of pulsed to unpulsed targets R(t) is determined mainly by the
death rate of pulsed targets due to CD8 T cell mediated killing. Therefore, a poor description of
the early killing may lead to underestimation the killing efficacy of T cell responses. However,
other reasons such as different fitting procedures employed in our and other studies may have
contributed to different estimates of the death rate of targets (see, for example, (51)).

We find that NP396-expressing targets are killed by memory CD8 T cells at a rate 20 per
day in the spleen (i.e., pulsed targets have a half-life of 48 minutes). Interestingly, since most
of strains of LCMV replicate at rates less than 5-10 per day (10, 20), i.e., it takes 1 to 2 hours
for a virus population to double its size, our estimates suggest that a NP396-specific memory
CD8 T cell population can prevent virus regrowth in the spleen upon reinfection, and as such,
could alone provide sterilizing immunity if memory cells were present at the right place and at
the right time (cf., (17)).

Our analysis also allows one to calculate the number of target cells killed on average by one
CD8 T cell per day (4, 48). This parameter is given simply by KT'(t)/E where K is the death
rate of pulsed targets due to the CD8 T cell response, T" is the number of targets expressing
a particular epitope at time ¢ after cell transfer, and E is the number of epitope-specific CD8
T cells in the spleen. Using the estimates for K from Table 1, we find that LCMV-specific
memory CD8 T cells kill more target cells per day than effectors (Figure 4). This result may
seem counter-intuitive since pulsed targets are eliminated much faster in acutely infected mice
than in memory mice. However, acutely infected mice have 30 times more epitope-specific CD8
T cells, and because of that, on average, less than one target was killed by one effector CD8 T
cell per day. In contrast, in some mice one memory CD8 T cell killed up to 20 targets per day.

Although this framework of estimation of death rates has been applied to measure killing
in the spleen, it can be easily extended to measure killing in other organs of mice. If killing
is measured for longer periods of time (say 12-24 hours), then the models analyzed here will
have to be extended to allow 1) for recirculation of targets migrated to various organs, back
to the blood, 2) potential changes in the number of epitope-specific CD8 T cells, and as the
consequence, changes in the death rate of pulsed targets over time. Our report also emphasizes
the importance of obtaining time series data on killing of peptide-pulsed targets because these
allows for a more rigorous analysis of the data and also for testing of alternative models of killing.
Application of this approach to measure killing efficacy of effector and memory CD8 T cell
responses in other viral and bacterial infections will allow for more a quantitative understanding
of immunology and potentially, may lead to better predictions of protective value of memory
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Figure 4: The average number of target cells killed per day by one epitope-specific effector or one
memory CD8 T cell. The number of target cells killed per day is simply KT'(t)/E where T'(t) is
the number of target cells taken from the data, K is the death rate of pulsed targets, and £ is the
average number of epitope-specific CD8 T cells in the spleen (see Table 1). Note that by calculating
the average number of targets killed per day by one CD8 T cell we do not make any assumptions on
the type of the killing term. Also note that the number of targets killed per day per CD& T cell is
not the per capita killing efticacy of CD8 T cells as it was estimated in previous studies (37, 51). The
average number of target cells killed per day by a NP396-specific effector and memory CD8 T cell is
0.7 and 5.4, respectively, and for a GP276-specific effector and memory CD8 T cell is 1.2 and 4.2 cells

per day, respectively.
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CD8 T cells of different specificities.
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