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Measles virus (MeV) is the poster child for acute infection followed
by lifelong immunity. However, recent work shows the presence
of MeV RNA in multiple sites for up to 3 mo after infection in a
proportion of infected children. Here, we use experimental in-
fection of rhesus macaques to show that prolonged RNA presence
is characteristic of primary infection. We found that viral RNA
persisted in the blood, respiratory tract, or lymph nodes four to
five times longer than the infectious virus and that the clearance
of MeV RNA from blood happened in three phases: rapid decline
coincident with clearance of infectious virus, a rebound phase with
increases up to 10-fold, and a phase of slow decrease to undetect-
able levels. To examine the effect of individual host immune
factors on MeV load dynamics further, we developed a mathemat-
ical model that expressed viral replication and elimination in terms
of the strength ofMeV-specific T-cell responses, antibody responses,
target cell limitations, and immunosuppressive activity of regulatory
T cells. Based on the model, we demonstrate that viral dynamics,
although initially regulated by T cells, require antibody to eliminate
viral RNA. These results have profound consequences for our view
of acute viral infections, the development of prolonged immunity,
and, potentially, viral evolution.
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Measles is a highly contagious human disease that affects mil-
lions of children each year. Although vaccination has con-

trolled measles in many countries, the disease remains an
important cause of child mortality (1). Epidemiological studies
conducted by Panum (2) during an 1846 measles epidemic in the
Faroe Islands established its remarkable infectiousness and ability
to confer lifelong immunity. The acute, strongly immunizing na-
ture of measles virus (MeV) infection is underlined by a long
history of epidemic modeling, coupled to analyses of surveillance
data (3–5). Early studies also established measles as an immu-
nosuppressive disease (6) with a prolonged increase in suscepti-
bility to secondary infections that leads to most measles-related
deaths (7, 8).
MeV has been studied as a paradigm for acute viral infections.

Infection is initiated in the respiratory tract, and virus spreads to
local lymphoid tissue and then to multiple organs, including the
skin (9). In uncomplicated measles, clinical recovery occurs soon
after the onset of the rash 10–14 d after infection and coincides
with rapid clearance of infectious virus from the blood (10, 11).
Because of the short period of infectiousness and solid immunity
against retransmission after recovery, large populations are re-
quired to maintain MeV transmission (12), especially in regions
with highly seasonal population aggregation (13).
Recent studies of children with measles showed that MeVRNA

persists at multiple sites for many months after resolution of the
rash and apparent recovery. At 1mo after hospital discharge,MeV
RNA was more frequently detected in HIV-infected children,
suggesting slowed clearance when cellular immune responses are
compromised (14, 15). Furthermore, during studies of rhesus
macaques given partially protective experimental measles vac-
cines, reactivation of MeV-specific T-cell responses 3–4 mo after

WT MeV challenge coincided with detection of MeV RNA in
peripheral blood mononuclear cells (PBMCs) (16, 17). These data
suggest that clearance of MeV after acute primary infection is
more complicated and prolonged than previously recognized.
However, the mechanisms and timing of normal MeV clearance
are not known.
Understanding MeV clearance is crucial for advancing our

knowledge of measles pathogenesis, lifelong immunity, complica-
tions associated with immune suppression, persistent infection,
and transmission dynamics (18). To dissect the relationship be-
tween the within-host dynamics of MeV and the immune respon-
ses to infection, data with frequent and continuous measurements
that describe the virological and immunological changes in MeV-
infected hosts over a long period are needed. Rhesus macaques are
susceptible to measles and develop a disease that faithfully mimics
human measles (19). Therefore, we have synthesized experimental
infections and dynamic models to perform a detailed investigation
of MeV and immune kinetics in individual macaques infected with
a WT strain of MeV.

Results
Eight MeV-naive juvenile rhesus macaques (Table S1) were in-
fected with the Bilthoven strain ofWTMeV (20) by the respiratory
route. After infection, all macaques developed a transient lym-
phopenia followed by a prolonged period of leukocytosis (Fig. S1).
Seven macaques developed a viremia detected by cocultivation of
PBMCs with MeV-susceptible B95-8 or Vero/hSLAM cells (21)
and a maculopapular rash (Fig. 1A). The rash resolved ∼14 d after
infection, and soon thereafter, infectious virus was no longer de-
tectable. Therefore, seven of the eight macaques developedmeasles
typical of the human disease and were used for further evaluation.
Levels of MeV RNA in PBMCs were measured with a quantita-

tive reverse transcriptase-PCR (qRT-PCR) assay specific for the
MeV nucleoprotein (N) gene (16) (Fig. 1A). In contrast to clear-
ance of infectious virus, clearance of MeV RNA from PBMCs
occurred over 5–10 wk. MeV RNA was detected in the blood for
a median of 50 d (range: 24–67 d) and declined in three phases:
a rapid decline coincident with clearance of infectious virus (days
10–14) and a rebound phase in which viral load increased up to 10-
fold (days 14–24), followed by a slow decrease to undetectable
levels (day >24). MeV RNA was also detected in nasal swab sam-
ples by RT-PCR for a median of 17 d (Fig. 1B and Table S2) and in
inguinal lymph nodes by qRT-PCR 71 d after infection (Fig. 1C),
indicating the prolonged presence of MeV RNA in multiple sites
with persistence in lymphoid tissue after clearance from PBMCs.
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To identify the host immune factors involved inMeV clearance,
we analyzed both cellular and humoral responses to MeV. CD4+

and CD8+ T cells specific for MeV hemagglutinin (H), fusion (F),
and N proteins producing IFN-γ and TNF were detectable by
10 d after infection (Fig. 2A and Fig. S2). MeV-specific T cells
increased as infectious virus and RNA loads decreased between
days 10 and 14. Conversely, as T cells decreased, MeV RNA load
stabilized or increased between days 14 and 24. To follow the in-
duction of regulatory T cells (Tregs) (22, 23), we measured the
expression of FoxP3, a Treg-specific transcription factor, using
qRT-PCR (24–26). Six of seven monkeys had sustained up-regu-
lation of Foxp3 gene expression in PBMCs after clearance of in-
fectious virus (Fig. 2D). In four of seven animals, there was a
transient spike of FoxP3 expression 3 d after infection. This sug-
gests that some Treg populations, presumably natural Tregs (27),
enter the circulation before the systemic spread of virus.
MeV neutralizing antibody was detected in plasma as early as

10 d after infection (Fig. 2B), which reflected MeV-specific IgM
and low levels of IgA and IgG (Fig. 2C). IgM declined rapidly after
infectious virus was cleared, whereas the titer and avidity of MeV-
specific IgG continued to increase over 2–4 mo (Fig. 2 B and C). A
month after infection, most of theMeV-specific IgG in the plasma
was H-specific IgG but varied in the time of appearance (Fig. 2C).
To dissect the effects of individual host immune factors on

MeV load dynamics further, we developed mathematical models
(Fig. 3A) for the process of within-host clearance of MeV RNA
and fitted these models to the quantitative measurements ac-
quired from the macaque experiments (28–30). We considered
three nested models, which take different components of the im-
mune system into account. The T cell-AB-FoxP3 model explains
virus clearance by taking T cells, antibodies, and FoxP3 into ac-
count; it is given by the following differential equation:

dV ðtÞ
dt

=V ðtÞðr RðtÞ− kT TðtÞ− kAAðtÞ+ fSSðtÞÞ; [1]

in which V(t) denotes the virus load at time t, R(t) the abundance
of target cells, T(t) the abundance of MeV-specific T cells, A(t)

the abundance of MeV-specific antibodies, and S(t) the suppres-
sive activity of Tregs. Here, r denotes the growth rate of the virus,
KT the inhibitory effect of T cells onMeV, KA the inhibitory effect
of antibodies on MeV and fS the immunosuppressive effect of
Tregs. The dynamics of the immune variables are obtained di-
rectly from the data as the linear interpolation of the measure-
ments (29, 30). To assess the importance of the different immune
components, we also derived two submodels from Eq. 1. The T
cell-AB model captures only the effects of T cells and antibodies
and is derived from Eq. 1 by setting fS = 0. The T-cell model
captures only the effect of T cells and is derived by setting fS =
0 and kA=0. These threemodels were then fitted separately to the
virus load data from each animal by maximum likelihood (Figs.
S3–S7), using the observed immune kinetics for each animal.
Conventional wisdom holds that T cells should be the major

force in regulating primary infection (31). In contrast, we find that
taking only viral clearance by T cells into account leads to poor
model fits (Fig. 3B). In particular, the T-cell model cannot explain
the decline and clearance of virus in the late phase of the in-
fection, even when we allow for saturation of the T-cell response
(Fig. S8). The model fits improve strongly and significantly (P <
10−5, likelihood ratio test) once antibodies are also taken into
account. Including FoxP3 as well leads to a weaker but overall
significant improvement of the model fits, although the level of
significance varied among animals (see Figs. S3–S7). These results
indicate that both MeV-specific T cells and antibodies contribute
to controlling MeV replication in naive animals (Fig. 4) and that
suppression of the immune system may slow viral clearance, and
thereby contribute to the secondary peaks in virus load.

Discussion
Here, we demonstrate that prolonged presence of viral RNA is
characteristic of primary MeV infection. In the current study, we
measured MeV RNA primarily in the blood, because blood is the
most accessible tissue for longitudinal studies and has the least
impact on the health of the animals. However, to define further
when MeV RNA is actually cleared, future studies of samples
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Fig. 1. Prolonged presence of MeV RNA in multiple sites after infection. (A) Infectious virus in the blood detected by cocultivation of PBMCs with susceptible
cells. Results converted to tissue culture 50% infectious doses (TCID50) are shown as number of infected cells per 106 PBMCs (red lines). The MeV RNA load was
measured by N-specific qRT-PCR using RNA extracted from 2 × 106 PBMCs. Points with undetectable MeV RNA are plotted with open circles. Lines mark 14 and
24 d after infection. Macaques are identified at the top of individual graphs. (B) Presence of MeV RNA in the respiratory tract determined by N-specific RT-PCR
on RNA extracted from nasal swab cell pellets. RT-PCR products run on gels were read as positive or negative (Table S2). Results are plotted as the percentage
of animals with detection of MeV RNA. (C) MeV RNA loads in lymph nodes (LN) were determined by N-specific qRT-PCR. Inguinal lymph nodes from three
macaques were biopsied 71 d after infection. n.d., not detected.
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collected from other tissues are necessary. The role of lymphoid
tissue in MeV persistence is particularly intriguing, because we
recovered MeV RNA from lymph node biopsies even after MeV
RNA was no longer detectable in blood. Viral genome sequence
information at different phases of infection is also of interest, but
we think it is unlikely that virus mutation is the primary mech-
anism of virus persistence. In our study of children with naturally
acquired measles, N gene sequences for five children 96–109 d
after rash onset were the same as the genotype D2 MeV in cir-
culation at the time, and for one child, the N and H sequences
from PBMCs 118 d after rash onset were identical to those of the
virus collected during the acute illness (14). Therefore, the
prolonged presence of MeV RNA is likely attributable to per-
sistence rather than immune evasion.
We have developed amodel that explains multiple aspects of in-

host MeV infection and reveals a clear interaction between virus
and effector immune responses. Our data highlight an important
but commonly underestimated (32) role of antibody in the control
and clearance of a systemic viral infection. The necessity for an-
tibody in determining MeV load dynamics is a clear consensus of
the family of mathematical models that we have developed; these
include the standard model Eq. 1 and three other alternative
model fits (SI Alternative Models): (i) a fit of the standard model in
which all parameters except kT are shared between animals (Fig.
S9), (ii) a nonlinear version of the standard model (Fig. S10), and
(iii) a nonlinear T-cell saturation model that allows the magnitude
of the T-cell response to saturate with increasing concentrations
of T cells (Fig. S8). Antibody in previously infected hosts is
well recognized to prevent the spread of infectious virus by

neutralization (33); however, antibodies are generally believed to
have very minimal roles in clearing primary infection of MeV (11).
The current model captures viral load in terms of observed im-
mune kinetics. An important area for future empirical and mod-
eling work is to generate fully dynamic models, where viral load
feeds back into the immune kinetics (34, 35).
In support of this finding, antibodies clear alphavirus infection

from neurons (36) and control the persistence of lymphocytic
choriomeningitis virus in mice (37), and there is in vitro evidence
that antibodies to theMeVH protein can alter expression ofMeV
proteins in the cytoplasm of infected cells (38–41). Consistent
with a demonstrated role of CD8+ T cells in controlling viral in-
fection (10, 34), our model showed that the activation of theMeV-
specific T-cell response correlated with the control of infectious
virus and the initial decline in levels of MeV RNA (Fig. 3 and Fig.
S8). However, the T-cell response waned before MeV had been
controlled. Collectively, our data suggest that host control and
clearance of MeV were achieved by temporal involvement of
different arms of the effector immune responses; the cellular re-
sponse is critical for initial virus control and the humoral response
is important for the subsequent clearance of viral RNA and
suppression of recurrent production of infectious virus (Fig. 4).
Studies of acute infection have brought valuable insights for

defining viral virulence and host immunity (42). MeV has long
been recognized as a paradigm for acute viral infection, but our
data provide clear evidence that the virus persists in the host for
months longer than generally recognized. These findings have a
profound impact on our existing view of acute viral infections, the
development of prolonged immunity, and viral transmission.
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Fig. 2. MeV-specific cellular and humoral immune responses during the course of infection. (A) MeV-specific T-cell responses were assessed by IFN-γ ELISpot
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Localized persistence of viral RNA has been identified in animal
models of acute viral hepatitis (43) and encephalitis (36), but the
prevalence and consequences of the prolonged presence of viral
RNA in humans after clinical recovery from acute infection with
RNA viruses remain largely unknown. A critical question for
measles is the causal relationship between persistence of MeV
RNA and the induction of prolonged immune suppression and
lifelong immunity. Considering that low levels of viral antigen are
important for continued stimulation of CD8+ T cells after acute
infections with influenza and vesicular stomatitis viruses (44, 45),
and that MeV RNA persists in the blood and lymphoid tissue for
more than 2 mo after infection, we speculate that lifelong pro-
tective immunity after primary MeV infection could be a conse-
quence of prolonged antigen stimulation.
Because we predict that recrudescence of infectiousMeVmight

occur in individuals with impaired humoral immune responses,

another key area for future work is to assess implications for
measles transmission and persistence at the population level. For
instance, could prolonged persistence of MeV in an individual
prevent extinction of the virus during epidemic troughs? Although
preventing extinction is probably not central for maintainingMeV
transmission in humans because the human population largely
exceeds the critical community size of measles, this mechanism
could be critical for the transmission of related morbilliviruses in
wildlife populations.

Materials and Methods
Animals. Eight 2- to 3-y-oldmale rhesus macaques (Macacamulatta; 15U, 46U,
55U, 67U, 40V, 43V, 55V, and 86U) (Table S1) negative for herpes B virus,
tuberculosis, and antibody to MeV were obtained and housed at the Johns
Hopkins University primate facility. All studies were performed in accor-
dance with experimental protocols approved by the Johns Hopkins Univer-
sity Animal Care and Use Committee.

MeV Infection and Sample Collection. Macaques were sedated with ketamine
and infected intratracheally with 104 tissue culture 50% infectious doses of
the Bilthoven strain of MeV (a gift from Albert Osterhaus, Erasmus Univer-
sity, Rotterdam, The Netherlands) in four batches (Table S1). After infection,
monkeys were shaved and monitored for development of a rash. Nasal
swabs and venous blood were collected at regular intervals to monitor the
virus load and immune responses. Secretion and epithelial cells from the
nasal cavity were collected using sterile cotton swabs. Swabs were dipped
into 1 mL of PBS to release the cells and fluid. Cell pellets and fluid were
separated by centrifugation. A complete blood cell count and differential
count were determined on heparinized blood by means of an automated
cell counter. Plasma and PBMCs were separated by density gradient centri-
fugation using Lympholyte-Mammal (Cedarlane Laboratories). Seventy-one
days after infection, surgery was performed under general anesthesia to
collect inguinal lymph nodes from three macaques (46U, 55U, and 67U).

Cells, Virus, and Virus Assays. The stock virus for macaque infection was grown
in phytohemagglutinin-stimulated human cord blood mononuclear cells and
titered by syncytia formation in B95-8 cells. Viremia was quantitated by
cocultivation of serially diluted PBMCs with B95-8 or Vero/hSLAM cells.
Cultures were scored for cytopathic effect after 5 d, and data are reported as
the number of infected cells per 106 PBMCs. The Chicago-1 strain of MeV was
grown and assayed by plaque formation in Vero cells. Vero and Vero/hSLAM
cells were grown in DMEM supplemented with 10% (vol/vol) FBS.

MeV N and FoxP3 Gene Expression. Total RNA was isolated from 2 × 106

PBMCs, nasal swab cells, and lymph nodes using an RNeasy mini kit (Qiagen).
For qRT-PCR, MeV N and FoxP3 genes were amplified using a one-step RT-
PCR kit with TaqMan primers and measured with gene-specific probes in an
Applied Biosystems Prism 7500. Controls included GAPDH gene amplification
(Applied Biosystems). Copy number was determined by construction of
a standard curve of 1–106 copies of MeV RNA or 10–107 copies of FoxP3 RNA
synthesized by in vitro transcription from a plasmid encoding the Edmon-
ston N gene or rhesus FoxP3 gene. Data were normalized to the GAPDH
control, and results were expressed as [(number of copies of MeV N RNA)/
(number of copies of GAPDH RNA)] × 5,000. MeV in nasal swab cell pellets
was detected by N-specific RT-PCR. RT-PCR products were run on gels and
read as positive or negative.

Antibody Assays. Forplaquereductionneutralization (PRN), theChicago-1 strain
of MeV was mixed with serially diluted plasma or media alone and assayed for
plaque formation on Vero cells. Enzyme immunoassays (EIAs) were used to
measure MeV-specific IgM, IgG, and IgA. Maxisorp 96-well plates (Nalge Nunc
International) were coated with a lysate fromMeV-infected Vero cells (1.16 μg
of protein per well; Advanced Biotechnologies) or with a lysate from MeV
H-expressing L cells. Twofold serially diluted plasma (1:100–1:204,800 for
MeV-specific IgG and 1:50–1:12,800 for IgA) and pooled plasma (1:100) from
MeV-seronegative monkeys were added and incubated overnight at 4 °C. HRP-
conjugated goat antibody to monkey IgG or IgA (Nordic) or alkaline phos-
phatase-conjugated goat antibody to monkey IgM (Nordic) was used as a sec-
ondary antibody, and 3,39,5,59-tetramethylbenzidine (Sigma) or p-nitrophenyl
phosphate (Sigma)was used as the substrate. Plateswere read at 405 nmor 450
nmusing aMultiskanMCCmicroplate reader (Fisher Scientific). To decrease the
interference of MeV-specific IgG with measurement of IgA, plasma was in-
cubated with a 50% protein G Sepharose slurry (Thermo Scientific) for 2 h at
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Fig. 3. Mathematical models for the process of within-host clearance of
MeV RNA. (A) Diagram of the linear model. The virus load was directly
modulated by different immune components. V(t) denotes the virus load at
time t, R(t) the abundance of target cells (lymphocyte concentration), T(t)
the abundance of MeV-specific IFN-γ–producing T cells, A(t) the abundance
of MeV-specific antibodies (PRN titer), and S(t) the immunosuppressive ac-
tivity (FoxP3 mRNA). (B) Models were fitted by maximum likelihood to the
virus load data (see Materials and Methods). Colors indicate different ver-
sions of the model. The T cell-AB-FoxP3 model (Eq. 1; blue line) takes T cells,
antibodies, and FoxP3 into account; the T cell-AB model (green line) takes
only T cells and antibodies into account; and the T-cell model (red line) takes
only T cells into account. The models are fitted for each animal individually
(fits in which all parameters except 1 are common between animals are
provided in Fig. S9). Log-likelihood from the different models is shown in
right upper quadrants with colors corresponding to lines. The observed MeV
RNA load is shown in open circles. Gray vertical lines mark the estimated
lowest detection level of the qRT-PCR assay at given time points. Macaques
are identified at the top of individual graphs.
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room temperature and collected usingmicrospin columns. The EIA titerwas the
dilution at which the OD value for the sample intersected with the MeV-sero-
negative cutoff (mean + 2 SD). To assess antibody avidity, MeV lysate-coated
plates were incubated with twofold serially diluted plasma overnight at 4 °C,
washed, and treated with increasing concentrations (0.5–3.5 M) of ammonium
thiocyanate (NH4SCN) for 15 min to disrupt the MeV-antibody interaction. OD
values of serially diluted plasma samples under different NH4SCN treatment
were plotted, and the avidity index 75%, defined as the concentration of
NH4SCN to elute 75% of the bound antibody, was calculated by interpolation.

T-Cell Assays. Enzyme-linked immunospot (ELISpot) assays were used to
measure IFN-γ–producing T cells. Multiscreen HTS HA Opaque ELISpot plates
(Millipore) were coated with antibody to human IFN-γ (BD Biosciences). Af-
ter plates were washed and blocked with Roswell Park Memorial Institute
(RPMI)-10 medium, 1–5 × 105 fresh PBMCs were added, along with 1 μg/mL
pooled MeV peptides (20-mer overlapping by 11 amino acids) from the H, F,
or N protein or 5 μg/mL Con A. After 40 h of incubation, plates were washed
and incubated with biotinylated antibody to IFN-γ (Mabtech), followed by
HRP-conjugated avidin (Vector). Assays were developed with stable diami-
nobenzidine (Invitrogen) solution and read on an ImmunoSpot plate reader
(Cellular Technology). Data were analyzed using ImmunoSpot version 3.0
software (Cellular Technology). Results are presented as the number of
spot-forming cells per 106 PBMCs.

Multiparameter Flow Cytometry. To assess CD4+ and CD8+ T-cell activation and
cytokine production during MeV infection, eight-color flow cytometry with
surface and intracellular cytokine staining was used. Before staining, 106 fresh
PBMCs were stimulated with staphylococcal enterotoxin B (Sigma–Aldrich),
media alone, or pooled MeV H or N peptide in the presence of anti-human
CD107a (BD Biosciences), brefeldin A, (Sigma–Aldrich), and Golgistop (BD Bio-
sciences) for 12 h. Cells were then stained with ViViD live- dead discriminator
(Invitrogen) and antibodies to CD3, CD4, CD8, CD14, and CD20. Cells were
permeabilized using the Fixation/Permeabilization solution kit (BD Cytofix/
Cytoperm) and stained for intracellular IFN-γ, TNF, and IL-2. All fluorescent-
conjugated antibodies were purchased from BD Biosciences, except anti-CD20
and TNF (eBioscience). Cells were read on a FACSCanto II flow cytometer (BD
Biosciences). A total of 400,000 events were collected per sample. Analysis was
performed using FlowJo (Tree Star, version 8.8.6). After eliminating artifacts

from acquisition noise, doublets, and dead cells, cytokine-producing cells were
gated from CD3+CD4+ and CD3+CD8+ cells.

Mathematical Modeling. The aim of our model is to fit the virus load dynamics
(measured as the concentration of viral RNA) by using immune variables as
explanatory variables. The dynamics of the explanatory variables [T(t), R(t),
A(t), S(t)] were taken directly from the data as the linear interpolation of the
measurements. The explanatory variables relate as follows to the immuno-
logical measurements. Because lymphocytes are one of the main target cells,
we use their concentration as a proxy for R(t). As a proxy for cellular immunity,
we use the concentration of MeV-specific IFN-γ–producing T cells in the blood
(measured by IFN-γ ELISpot). As a proxy for the action of antibodies, we use
the PRN titer value that measures the capacity of serum to neutralize MeV in
cell culture. FoxP3 is a transcription factor mainly expressed in Tregs, which
suppress activation of the immune system, and the concentration of FoxP3-
RNA is used as a proxy for the immunosuppressive activity of measles.

The values of the parameters (r, kT, kA, fS) of the model are determined by
maximizing the likelihood of the model. For a given set of parameters, we
compute the solution V(t) of Eq. 1 and then compute the likelihood of ob-
serving the virus load measurements M(ti) given this solution as

Lðr; kT ;kA; fSÞ=
X

i

pobservationðMðtiÞjVðtiÞÞ;

where pobservationðMðtiÞjVðtiÞÞ captures the uncertainty associated with the
observation/measurement process; that is, pobservationðMðtiÞjVðtiÞÞ is the
probability of observing M(ti) if the real underlying virus load is V(ti). Spe-
cifically, we assume that this observation process is given by the negative
binomial distribution (which we chose for its ability to capture over-
dispersion) with mean V(ti) and overdispersion parameter k. We could de-
termine k directly from the virus load measurements because two viral load
measurements were available for each time point (Fig. S11). The thus com-
puted likelihood was then maximized using the routine optim() in R.

Given the large variability between immune responses, it is not possible to
fit all animals with the same parameters (i.e., the resulting fits do not
qualitatively match the virus load trajectories). Therefore, we fit each animal
individually and computed the total log-likelihood as the sum of the log-
likelihoods for the individual animal fits. Although it is not possible to fit all
animals together, we find the same qualitative results if we assume that that
the different animals share all parameters except kTC (the rate with which
T cells clear the virus), which we allow to vary between animals (Fig. S9).

Model 1 explains viral clearance on the basis of T cells, antibodies, and
FoxP3 (henceforth, we will refer to it as the T cell-AB-FoxP3 model). To assess
the importance of the different immune components, we also derive two
submodels. The T cell-AB model considers only the effect of T cells and
antibodies on viral clearance:

dVðtÞ
dt

= VðtÞðr RðtÞ− kT TðtÞ− kAAðtÞÞ

Finally, the T-cell model only considers the effect of T cells:

dVðtÞ
dt

= VðtÞðr RðtÞ− kT TðtÞÞ

Estimating the overdispersion parameter. For each time point ti, two virus load
measurements were available, v1,ti and v2,ti. These data were fitted with the
negative binomial distribution under the assumption that the two meas-
urements at each time point represent samples from the same mean (μti) and
that all samples share the same k. Thus, the likelihood reads:

Lðμt1; μt2; . . . ; kÞ =
X

i

p
�
v1;ti ; μti ; k

�
+ p

�
v2;ti ; μti ; k

�

In fact, the maximum likelihood estimate for μti is given by the means mti =
(v1,ti + v2,ti)/2, such that we can obtain the maximum likelihood estimate for
k by maximizing the one-dimensional function:

Lðμt1; μt2; . . . ; kÞ =
X

i

p
�
v1;ti ;mti ; k

�
+ p

�
v2;ti ;mti ; k

�
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