
Initial viral load determines the magnitude of the
human CD8 T cell response to yellow fever vaccination
Rama S. Akondya,b,1, Philip L. F. Johnsonc,1,2, Helder I. Nakayaa,d,e, Srilatha Edupugantia,f, Mark J. Mulligana,f,
Benton Lawsong, Joseph D. Millera, Bali Pulendrana,d, Rustom Antiac,3, and Rafi Ahmeda,b,3

aEmory Vaccine Center, bDepartment of Microbiology and Immunology, dDepartment of Pathology and Laboratory Medicine, and fDivision of Infectious
Disease, Department of Medicine, Emory University School of Medicine, Atlanta, GA 30322; cDepartment of Biology and gYerkes National Primate Research
Center, Emory University, Atlanta, GA 30322; and eDepartment of Clinical and Toxicological Analyses, School of Pharmaceutical Sciences, University of
Sao Paulo, 05508 Sao Paulo, Brazil

Contributed by Rafi Ahmed, January 25, 2015 (sent for review December 7, 2014; reviewed by Giuseppe Pantaleo and Alan S. Perelson)

CD8 T cells are a potent tool for eliminating intracellular patho-
gens and tumor cells. Thus, eliciting robust CD8 T-cell immunity is
the basis for many vaccines under development. However, the
relationship between antigen load and the magnitude of the CD8
T-cell response is not well-described in a human immune response.
Here we address this issue by quantifying viral load and the CD8
T-cell response in a cohort of 80 individuals immunized with the
live attenuated yellow fever vaccine (YFV-17D) by sampling periph-
eral blood at days 0, 1, 2, 3, 5, 7, 9, 11, 14, 30, and 90. When the virus
load was below a threshold (peak virus load < 225 genomes per
mL, or integrated virus load < 400 genome days per mL), the
magnitude of the CD8 T-cell response correlated strongly with
the virus load (R2 ∼ 0.63). As the virus load increased above this
threshold, the magnitude of the CD8 T-cell responses saturated.
Recent advances in CD8 T-cell–based vaccines have focused on
replication-incompetent or single-cycle vectors. However, these
approaches deliver relatively limited amounts of antigen after im-
munization. Our results highlight the requirement that T-cell–
based vaccines should deliver sufficient antigen during the initial
period of the immune response to elicit a large number of CD8 T
cells that may be needed for protection.
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CD8 T cells provide a powerful mechanism for elimination of
intracellular pathogens and tumor cells. Accordingly, a ma-

jor thrust of current vaccine research focuses on stimulating
robust T-cell immunity for defense against infections such as
HIV, malaria, tuberculosis, Ebola virus, herpes viruses, and hep-
atitis C virus (HCV) (1–8). Inducing effective CD8 T-cell immu-
nity is also an important goal for cancer vaccines (9, 10). However,
how antigen load affects the CD8 T-cell response has not been
quantified in a detailed manner during a human immune re-
sponse. In this study we address this question using the human
live attenuated yellow fever vaccine (YFV-17D) vaccine.
The dynamics of CD8 T-cell responses to intracellular in-

fection have been extensively studied in model systems. Infection
typically stimulates a rapid burst of proliferation in antigen-
specific CD8 T cells with division occurring as quickly as once in
4–6 h (11). This expansion results in a large population of ef-
fector CD8 T cells that aid in clearance of infected cells. Al-
though most (90–95%) of the effector CD8 T cells die, a small
fraction differentiate to form long-term memory CD8 T cells
(12). Detailed quantitative measurements of the dynamics of
virus and the CD8 T-cell response to the YFV-17D vaccine allow
us to characterize these basic features of the CD8 T-cell responses
in humans. Additionally, tracking the dynamics of both virus and
CD8 T cells over time in a large cohort allows us to explore the
relationship between amount of antigen and the magnitude of
expansion and answer the following questions: Is there a thresh-
old amount of virus required to generate a response? Does the
magnitude of the response increase proportionally, or does it
saturate with viral load? Although a number of studies have

considered the complex relationship between numbers of specific
CD8 T cells and virus loads during the chronic phase of HIV and
HCV infections (3, 13–23), very few studies (24–27) have in-
vestigated these questions in the context of the generation of
immune response following acute infections and vaccination.
We addressed these questions by measuring the dynamics of

both virus and virus-specific CD8 T cells following immunization
with the YFV-17D vaccine. The YFV-17D vaccine comprises
a highly efficacious, live attenuated virus that causes an acute
infection and stimulates a robust immune response conferring
lifelong protection against the yellow fever virus (YFV) (28, 29).
Because yellow fever is not endemic to the United States, im-
munization with YFV-17D induces a primary immune response
(30, 31). Previous work with YFV-17D has identified CD8 T cells
specific for some of the YFV epitopes and defined the stages of
expansion, contraction, and memory maintenance (32–38). We
now know that YFV stimulates a polyfunctional, broadly target-
ing, and long-lasting CD8 T-cell response. Of particular note, we
have previously demonstrated that the magnitude of the total
effector CD8 T-cell response against YFV can be measured using
the Ki-67+ Bcl-2lo HLA-DR+ CD38+ phenotype of activated T
cells seen early after vaccination (38). In the current study, we
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followed a large cohort of 80 individuals with intensive sam-
pling at days 0, 1, 2, 3, 5, 7, 9, 11, 14, 30, and 90 post-
vaccination to quantify viral load in plasma (39). Additionally,
we quantified the magnitude of the YFV-specific effector
CD8 T-cell response at days 0, 3, 7, 14, 30, and 90 post-
vaccination using the Ki-67+Bcl-2lo phenotype. We find that dif-
ferent individuals have different virus loads following infection and
generate CD8 T-cell responses of different sizes. This allows us to
determine the relationship between virus load and magnitude of
the CD8 T-cell response.
The majority of vaccines that are currently under develop-

ment use replication-incompetent or single-cycle vectors such as
Modified Vaccinia Ankara, adenovirus, and DNA. Although
these approaches are inherently safe, they may express and de-
liver relatively limited amounts of antigen. Our results emphasize
the requirement that T-cell–based vaccines deliver sufficient
antigen to elicit a large CD8 T-cell response that may be needed
for protection.

Results
Intensive Sampling Reveals Fine-Scale Dynamics of YFV-17D Viral
Load and the CD8 T-Cell Response. We explored the relationship
between the YFV-17D viral load and CD8 T-cell response using
a cohort of 80 vaccinees with intensive sampling of peripheral
blood between days 0 and 90 postvaccination. In Fig. 1A, we
show the kinetics of YFV-17D genomes in plasma as quantified
by qPCR. Fig. 1C shows the kinetics for each individual sample
separately. Viral genomes were detected after 2 days in most
samples, then increased exponentially, and finally dropped
below detection by day 11 in most vaccinees. Although individual
variation in the peak viral load spanned multiple orders of
magnitude (from <25 to 5.2 × 104 genomes per mL), the time of
the observed peak virus occurred in a narrow range between days
5 and 7 postvaccination.
Previous work has shown that ∼2 weeks after immunization with

either yellow fever or smallpox vaccines, a large population of
activated (HLA-DR+CD38+Ki-67+Bcl-2lo) CD8 T cells appeared
in circulation. Phenotypic and functional assays verified that cells
defined by this phenotype represented newly elicited virus-specific
effector CD8 T cells with properties such as high expression of
perforin and granzyme B (38). Thus, the HLA-DR, CD38, Ki-67,
and Bcl-2 markers (or two of these four markers) allow quantifi-
cation of the primary effector CD8 T-cell response (37, 38).
In Fig. 1B, we plot percent of YFV-specific effector CD8 T

cells bearing the Ki-67+Bcl-2lo phenotype (a population we
hereafter refer to as “effectors”). This effector population
encompassed all CD8 T cells responding to YFV-17D during
the transient phase of antigen-driven expansion. In Fig. 1C, we
plot the effector kinetics for each individual separately. For
most individuals, the YFV effector responses first appeared
above background at day 7, peaked between days 11 and 14,
waned substantially by day 30, and declined to background
levels by day 90. As seen in Fig. 1B, Right, there was almost 100-fold
variation in the magnitude of the CD8 T-cell response in different
individuals. The results obtained by tracking effector CD8 T cells
were supplemented by the measurement of CD8 T cells specific
for an HLA-A2 restricted epitope in the NS4B protein of the YFV
in a subset of 25 individuals possessing HLA-A2 MHC (Fig. S1).
In Fig. 2A, we summarize the mean kinetics of virus, effec-

tor, and tetramer. Tetramer+ CD8 T cells had an observed
peak at day 30 and fell to a relatively stable memory level by
day 90 when the Ki-67+ population had returned to its back-
ground levels (see Fig. S1 for kinetics showing virus, effector,
and tetramer for each individual separately). In Fig. 2 B–D, we
use heat maps to show individual kinetics for virus (Fig. 2B),
effector (Fig. 2C), and tetramer (Fig. 2D). Each row in each
plot represents a single individual; from Fig. 2B, we can see
that virus peaked at day 5 or day 7 in almost every individual.

From Fig. 2C, we can see that the effector response peaks at
day 11 or 14 in almost every individual. Individuals with peak
virus at day 5 have a slightly higher peak virus load than those
that peak at day 7 (Fig. S2A). Finally, in Fig. 2D we see that the
tetramer response peaks later, typically at day 30. Because the
ordering of the individuals (rows) is the same in Fig. 2 B and C,
we can see that there is no strong connection between the slight
variation in timing of the peak virus (day 5 in the top half and day
7 in the bottom half) and the slight variation in the timing of the
peak effector (day 11 and 14 peaks are interspersed in the top
and bottom halves). We also observed that despite all individuals
being vaccinated with the same dose of attenuated YFV-17D,
there was considerable heterogeneity in the antigen load and CD8
T-cell responses in different individuals (Fig. 1 A and B, Right).

Changes in Gene Expression Following YFV-17D Are Associated with
Viral Load. In an earlier study, to gain a global outlook of the
immune response in the first week of YFV-17D vaccination, we
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Fig. 1. Dynamics of viral load and CD8 T-cell response after vaccination
with YFV-17D. (A) YFV-17D viral genomes measured by qRT-PCR and
(B) YFV-specific effector CD8 T cells as measured by Ki-67+Bcl-2lo for each
of 80 vaccinees. Blood samples were drawn on days 0, 1, 2, 3, 5, 7, 9, 11,
14, and 30. (Right) The distribution of peak magnitudes of virus and
responding CD8 cells among the vaccinees. We see that there is approxi-
mately a four-log spread in the peak viral load and a two-log spread in
the peak CD8+ T-cell response between different individuals. (C ) In-
dividual kinetics of the viral load (red lines, left axis) and CD8 effector
cells (blue lines, right axis) for each vaccinee. In all cases, the CD8 response
peaks after virus.
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reported RNA microarray profiles of total peripheral blood
mononuclear cells (PBMCs) (35). We used this published data-
set to ask if the difference in viral burden across donors was
associated with differences in global gene expression. Analysis of
viral load and absolute gene expression values at days 3 and 7
postvaccination in the same donors revealed two distinct gene
sets: one that correlated positively and another that correlated
negatively with the viral load at the time of PBMC sampling (Fig.
3A and Supporting Information). Next, we performed gene set
enrichment analysis (GSEA) (40) to identify functional modules
within each of the above expression patterns by comparing them
with transcription profiles of specific immune cell subsets from
our ongoing work. This approach revealed that the PBMC pro-
file that positively correlated with viral load contained genes that
are highly expressed in YFV effector CD8 T cells (Fig. 3B).
Conversely, genes that YFV effectors typically down-regulate
were enriched in the set that negatively correlated with viral load

(Fig. 3B). Further, analysis using previously published gene sets
associated with polyclonal T-cell subsets in healthy adults
showed that genes that positively correlated with viral load
were also enriched in gene sets characteristic of the effector
memory (TEM) CD4 or CD8 T cells, whereas genes that were
negatively correlated were enriched in gene sets characteristic of
naive and central memory (TCM) T cells (Fig. 3C). This shows
that changes in gene expression are sensitive to the viral load
and allow detection of the effector CD8 T-cell response before
observing increased numbers by activation markers and tetramer
staining.

The Magnitude of the CD8 T-Cell Response Correlates with Viral Load.
Fig. 1 A and B show the considerable heterogeneity in both viral
load and CD8 T-cell response in different individuals. We use
this heterogeneity to explore the relationship between viral load
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Fig. 2. Summary dynamics of viral load and CD8 T-cell response. (A) Mean
kinetics of virus (red) and YFV-specific CD8 cells measured by Ki-67+Bcl-2lo

(blue) and by the NS4B214 tetramer (green). Virus peaks first, followed by
Ki-67+ CD8 T cells, and finally tetramer+ CD8 T cells. (B–D) Individual-level
kinetics of virus, Ki-67+ responses, and tetramer+ responses shown as
heat maps. Each row corresponds to kinetics in one of the 80 individuals.
Individuals were ordered first by day at which virus peaked and then by
magnitude of that peak. As can been seen in B, individuals in the top half
of the plot had peak virus on day 5, and in the bottom half, most indi-
viduals had peak virus on day 7. The Ki-67 kinetics in C and tetramer ki-
netics in D show no link between timing of peak virus and the CD8 T-cell
response (see also Fig. S2).
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Fig. 3. Transcriptional profiling of PBMCs is sensitive and reveals enrichment of
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vaccination naive CD8 T cells were tested for enrichment among the genes that
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profiles of various published immune cell subsets were tested for enrichment
among the viral load associated genes. Normalized enrichment score for most
significantly associated gene sets is shown.
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and the magnitude of the CD8 T-cell response. We began by
dividing our samples between the subgroup with peak virus on
day 5 and the subgroup with peak virus on day 7. In Fig. S2B, we
plot the mean effector CD8 kinetics for these two groups to-
gether with their SEs. Because the SEs overlap for the two
groups at all time points, we conclude that this slight difference
in virus timing has no detectable effect on the effector kinetics.
Next we divided our samples into subgroups based on their

peak virus load. The group exhibiting very low peak virus load
consisted of 11 individuals with <100 genomes per mL, and the
group with the higher peak virus load comprised 69 individuals
with >100 genomes per mL. In Fig. 4A, we plot the mean ef-
fector CD8 kinetics (+SEs) for these two groups. Here we find
a striking difference in the magnitude of the CD8 T-cell response
between these two groups, with the group having a higher peak
virus load generating a significantly larger CD8 response at days
11 and 14 than the low virus group.
Extending this latter observation, we more formally analyzed

how much of the variation in the peak CD8 response (day 14 ef-
fector response: Ki-67+, Bcl-2lo) could be explained by the viral
load. We expected that the immune response would initially in-
crease with peak virus load and saturate when the peak virus load
was above some threshold. We constructed two functions to de-
scribe saturation: a piecewise linear function and a smooth satu-
rating function (Methods). In Fig. 4 B and C, we plot the peak CD8
T-cell response versus the peak viral load for each individual to-
gether with our best fit (dashed line). In both cases we find that the
peak CD8 T-cell response increases with increases in the peak viral
load. The response initially increases rapidly with increases in virus
load and subsequently saturates. Because the majority of the data
are for high virus loads where the CD8 T-cell response saturates,
overall, a modest amount of the variation in the CD8 T-cell re-
sponse is explained by the virus load (e.g., R2 = 0.35 for the smooth
saturating function). In the piecewise linear model, we focus on
the regime where peak virus loads are below a threshold (<250
genomes per mL in Fig. 4B) and find in this regime that the peak
virus load explained about 2/3 of the variation in the effector CD8
response (R2 = 0.63 with a 95% bootstrap confidence interval of
0.16–0.84). We note that both the piecewise and smooth saturating
functions fit the data similarly well with overlapping AIC (Akaike
information criterion) values. Fig. S3 shows that a similar result
holds when we use the integrated virus load in the place of peak
virus load.
The above analyses connecting viral load to the CD8 T-cell

responses focused on the peak number of effector CD8 T cells. A

more direct determinant of long-term protection is the magnitude
of the memory CD8 T-cell population; however, we could only
directly quantify the memory responses in the minority of
individuals who had the HLA-A2 allele. In Fig. S4 we show that
the effector response correlates with the magnitude of the
memory response. Thus, the correlation between viral load and
immune response should apply to the memory stage as well as
the effector stage.

Discussion
Our measurement of YF-17D virus and CD8 T-cell responses
from frequent longitudinal sampling in a large number of study
subjects has generated a rich dataset in the context of a primary
human immune response to an acute viral infection. The basic
pattern of virus and immune kinetics validates our understanding
of infection and immunity that has been obtained from animal
model studies with specific CD8 T cells exhibiting expansion,
contraction, and memory phases (11). We leveraged the inter-
individual variation in the magnitudes of virus load and CD8
T-cell responses to reveal their functional relationship: for peak
virus load below a threshold level, the magnitude of the CD8
T-cell response shows a strong positive dependence on the viral
load at low viral loads, and its magnitude saturates at high virus
loads. For example, in Fig. 4C we see that a 10-fold increase in the
peak virus load from 10 to 100 genomes per mL leads to an ap-
proximately threefold (i.e., 300%) increase in the peak CD8 T-cell
response, but a similar 10-fold increase in peak virus load from
5 × 103 to 5 × 104 genomes per mL is associated with approxi-
mately 0.2-fold (i.e., 20%) further increase in CD8 response. This
analysis highlights the importance of having sufficient antigen
to get a large immune response, but once a threshold amount of
antigen is attained, further increases may have diminishing returns.
Our observation that the magnitude of the CD8 T-cell response

to YFV-17D saturates was made in a system where the majority
of viremia occurred in a narrow window between 3 and 9 days
postvaccination, thus restricting a major portion of the antigenic
stimulus to a short duration in all individuals. Consequently, we
get a very similar relationship between the magnitude of the CD8
T-cell response and either peak virus load or integrated viral load.
However, in acute viral infections where the virus is present for
a longer duration, prolonged antigenic stimulus is likely to result
in an increased magnitude of the CD8 T-cell responses. In this
case we might expect that the magnitude of the CD8 T-cell re-
sponse will be proportional to the integral of stimulation (which
saturates with virus load) over the duration of the acute infection.
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Indeed, in one of the rare cases where YFV-17D caused a severe
(nonfatal) adverse reaction, a prolonged viremia occurring for
more than 30 days after vaccination was seen, and it was coupled
with large frequency (>50%) of activated CD8 T cells (41).
The relationship between the virus and CD8 T-cell responses

during persistent infections is more complex and brings into
play many factors including the magnitude of the viral load, the
duration of infection, and T-cell exhaustion. However, many
persistent viral infections such as CMV and EBV in humans
lead to CD8 T-cell responses reaching a higher magnitude than
most acute infections. Hansen et al. (42, 43) have recently
reported that rhesus macaques vaccinated with persistent
rhesus CMV expression vectors containing simian immunode-
ficiency virus (SIV) proteins elicit durable viral control after
challenge with SIV. The studies suggested that the SIV control
was linked to a large magnitude of CD8 T cells generated and
maintained by the persistent vector at sites of viral entry (mucosa)
and at other sites of potential viral dissemination. In comparison,
YFV-17D is an acute viral infection that generates highly func-
tional CD8 T cells that not only display rapid recall and antiviral
cytokine production but also have the potential to home to mu-
cosal tissues (37, 44). Thus, despite their differences, the com-
mon key features that determine the CD8-mediated protection
in vaccines are their magnitude, tissue location, and function.
The saturation in the magnitude of the immune response with

virus load results in a much smaller variation in the magnitude of
the immune response (about 10- to 100-fold) compared with the
104-fold variation in the virus load in different individuals. This
may be beneficial for a number of reasons. First, having a com-
parable variation in the number of specific CD8 T cells and virus
would result in either very few specific CD8 T cells in individuals
with a low virus load or almost all cells being YFV-specific in
individuals with a high virus load. If a critical number of CD8 T
cells are required for surveillance and control of pathogen, then
saturation in the magnitude of the antigen-specific CD8 T-cell
response may optimize the resource allocation in memory cells.
Second, saturation may limit potential immunopathology which
occurs when there is a confluence of high levels of pathogen
together with large numbers of antigen-specific CD8 T cells.
Detailed comparison of the timing of peak viral load and CD8

T-cell responses revealed that the highest frequency of pro-
liferating CD8 T cells always occurred later than viral clearance
(Fig. 1C). This observation suggests that although clearly sensitive
to viral load, CD8 T cells undergo several rounds of proliferation
after antigen-induced activation. Similar “programmed” pro-
liferation has previously been characterized in animal models (45–
47), where both antigen-dependent and antigen-independent
proliferation are known to play roles (48). Because our study is
limited to analysis of peripheral blood, we cannot rule out the
alternative possibility that viral clearance takes longer in tissues
relative to peripheral blood and provides the stimulation nec-
essary for CD8 T-cell proliferation.
This study raises a number of questions. Our analysis suggests

that the viral load accounts for most of the variation in the CD8
T-cell response (R2 = 0.63, 95% CI 0.16–0.84) at relatively low
viral loads. What are the roles of factors such as innate im-
munity and CD4 and B cells in regulating the magnitude of the
CD8 response, and how might these be manipulated to opti-
mize vaccination? Additional work will be required to tease
apart the roles and interactions between these players; how-
ever, a significant current obstacle is the lack of markers to
identify specific responses for these cell types. Another ques-
tion is what causes the heterogeneity in viral load in different
individuals and how might this be minimized to ensure all
vaccines reach the threshold level of viral load. Our study also
raises the possibility that signatures of a cellular immune re-
sponse can be detected among gene expression profiles before
they become apparent by specific assays such as flow cytometry.

Early gene expression signatures have been used earlier to de-
velop models predicting the subsequent CD8 T-cell response, and
we suggest that including the effect of viral load will fine-tune the
model further (35).
Our study has important implications for the use of repli-

cation-incompetent or single-cycle vectors in T-cell–based
vaccines such as those being developed against HIV and Ebola
using vectors such as canarypox or adenoviruses (7, 8, 49, 50).
Although these approaches have the advantage of being in-
herently safe because there is no virus replication, this feature
also limits the amount of antigen that is delivered to stimulate
the immune response. Our analysis of the CD8 response fol-
lowing immunization with the YFV-17D vaccine highlights the
importance of having sufficient antigen shortly after infection
to generate a robust CD8 T-cell response. Indeed, the success
of the YFV-17D vaccine may arise in part because it generates
sufficient antigen in the vast majority of vaccinees. We suggest that
T-cell–based vaccine vectors must be designed to generate suffi-
cient quantities of antigen to induce large CD8 T-cell populations.

Methods
Study Subjects, Blood Samples, and Analysis of Viral Load and Activated CD8 T
Cells. All studies were approved by the Emory University institutional
review board. Written informed consent was signed by study participants
before enrollment. A single dose of 17D live-attenuated yellow fever
vaccine strain (YFV-VAX; Sanofi-Pasteur) was administered s.c. to 80 young
adults (18–40 y of age). This group of vaccinees had no evidence of serum
anti-flavivirus antibodies before vaccination, and all seroconverted by day
14. Plasma isolated from blood samples was used to assay YFV-17D genomes
using a TaqMan real-time PCR (Applied Biosystems). The magnitude of
the YFV-specific response was measured in whole blood using activa-
tion markers or using tetramers recognizing CD8 T cells specific for the
HLA-A2 restricted NS4B214 epitope. Additional details are provided in
SI Methods.

Correlation and Model Fitting. We used a piecewise-defined model and
a smooth saturation model to relate the observed peak viral response to
measures of the immune response.

The piecewise-linear model allowed for a threshold value (t) below which
the response variable (immune response, y) responded in a linear fashion to
explanatory variable (viral load, x) and above which y was unaffected by x:

y =
�
aðx − tÞ+ c,    x < t

c,    x ≥ t
:

We performed least-squares fits for the three parameters (a, c, t), and cal-
culated the coefficient of determination (R2) for the linear region of the
model (x<t) to summarize the sensitivity of the immune response to the
viral load.

The smooth saturating model had functional form

y =
mx
b+ x

+d:

Again, we performed least-squares fits for the three parameter (m, b, d), but here
our R2 calculation applied to the entire domain of the model (all values of x).

Because both virus and immune response undergo exponential growth, all
model fitting and analyses were performed on log-transformed data. Donors
whose peak viral load was below the threshold of detection were excluded
from the correlation analysis. AIC values were calculated directly from the
residuals after performing the least-squares fits.

Bootstrap. We placed confidence intervals around the coefficient of de-
termination (R2) and AIC values using bootstrap resampling. In brief, for
each bootstrap replicate, we created a new set of data by sampling with
replacement from our original dataset. Then we fit our model to this new
bootstrap dataset and calculated R2 and AIC. Repeated bootstrap samples
provide an estimate of the sampling distributions, from which we report the
2.5% and 97.5% percentiles as a 95% confidence interval.
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