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Clonotypic Composition of the CD4+ T Cell Response to
a Vectored Retroviral Antigen Is Determined by Its Speed

Georgina Thorborn,* Mickaël J. Ploquin,*,1 Urszula Eksmond,* Rebecca Pike,*,2

Wibke Bayer,† Ulf Dittmer,† Kim J. Hasenkrug,‡ Marion Pepper,x and George Kassiotis*,{

The mechanisms whereby different vaccines may expand distinct Ag-specific T cell clonotypes or induce disparate degrees of pro-

tection are incompletely understood. We found that several delivery modes of a model retroviral Ag, including natural infection,

preferentially expanded initially rare high-avidity CD4+ T cell clonotypes, known to mediate protection. In contrast, the same Ag

vectored by human adenovirus serotype 5 induced clonotypic expansion irrespective of avidity, eliciting a predominantly low-

avidity response. Nonselective clonotypic expansion was caused by relatively weak adenovirus serotype 5–vectored Ag presenta-

tion and was reproduced by replication-attenuated retroviral vaccines. Mechanistically, the potency of Ag presentation deter-

mined the speed and, consequently, completion of the CD4+ T cell response. Whereas faster completion retained the initial

advantage of high-avidity clonotypes, slower completion permitted uninhibited accumulation of low-avidity clonotypes. These

results highlighted the importance of Ag presentation patterns in determining the clonotypic composition of vaccine-induced

T cell responses and ultimately the efficacy of vaccination. The Journal of Immunology, 2014, 193: 1567–1577.

A
cardinal property of adaptive immunity is immunological
memory, which protects the host against reinfection (1).
This property forms the basis for vaccination, which

aims at inducing an adaptive immune response that will be ef-
fective also against the natural infection (2). Indeed, vaccination-
induced adaptive immunity can be highly protective against cer-
tain viral pathogens (2). However, protective immunity against
some viruses (e.g., HIV-1), bacteria (e.g., Mycobacterium tuber-
culosis), or cancer has so far been more difficult to achieve (3, 4).
T cell–mediated immunity is considered of central importance in
the protection against the latter group, highlighting the need for
deeper understanding of the processes underlying the induction
and maintenance of a protective T cell response.

Viral vectors are an essential tool in delivering genetic material into
cells for vaccination or gene therapy. However, their use in eliciting
T cell immunity has revealed considerable outcome variation (5, 6).

For example, a recombinant CMV strain from rhesus monkeys

encoding SIVAgs was shown to induce an atypical T cell response

and significant, often sterilizing immunity against SIV challenge in

nonhuman primates (7). In contrast, a human adenovirus serotype 5

(Ad5) vector encoding HIV-1 Ags was found to induce largely in-

effective immunity against HIV-1 infection (8, 9). Despite their

importance in vaccination, the properties of viral vectors that elicit

effective T cell responses are incompletely understood.
The TCR repertoire available before infection and further shaped

during the response can heavily influence the protective capacity of

the T cell response. A TCR repertoire comprising clonotypes with

high avidity for Ag may confer distinct advantages (10). Indeed,

HIV-1 control was correlated with the presence of high-avidity

virus-specific CD4+ T cells (11), and comparable observations

were made in other systems (12–15). The relative abundance of

distinct TCR clonotypes in the virus-specific CD8+ T cell pop-

ulation was proposed as a significant modulator of the protective

effect of HLA-B27 alleles in HIV-1 infection (16). Similarly, CD4+

T cell–mediated protection against Friend virus (FV) infection,

a mouse model for retroviral infection, was found to be a property

exclusively of clonotypes bearing high-avidity TCRs (17).
Selection of distinct TCR clonotypes during thymocyte devel-

opment as well as during the immune response to a viral Ag is
largely dictated by the intrinsic ability of each TCR to recognize Ag
(18). However, several T cell–extrinsic factors were also sug-
gested to influence the clonotypic composition of the T cell re-
sponse. For example, the clonotypic composition and resulting
overall avidity of the CD4+ T cell response of mice to purified
pigeon cytochrome c (PCC) protein immunization was found to be
modified by the coadministered adjuvant (19). Moreover, vacci-
nation of mice with different vaccine vectors all encoding HIV-1
envelope (env) was shown to induce Ag-specific CD8+ T cells
with different fine specificities and TCR usage (20).
In this study, we used a well-characterized model of the CD4+

T cell response to a retroviral Ag, in which the clonotypic com-
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position can be monitored according to TCR avidity. Polyclonal
EF4.1 TCRb-transgenic CD4+ T cells harbor increased frequencies
(on average 4%) of cells reactive with the H2-Ab–restricted env122–141
epitope within the surface unit of Friend murine leukemia virus
(F-MLV) env gene (21). F-MLV is a replication-competent virus
that together with the replication-defective, but pathogenic spleen
focus-forming virus, form the FV, a murine retroviral complex,
which causes chronic infection of the hematopoietic system (22). In
EF4.1 mice, pairing of the transgenic TCRb-chain with distinct
endogenous TCRa-chains creates clonotypes with different func-
tional avidities, and CD4+ T cells using a Va2 chain are .30-fold
more sensitive to env122–141 stimulation than are cells using other
TCRa-chains (referred to as non-Va2). Following FV infection,
high-avidity Va2 clonotypes, although a minority (∼25%) in the
naive repertoire, quickly dominate the peak of the env-specific
CD4+ T cell response (21, 23). We found, however, that vaccina-
tion with a replication-defective human Ad5 vector encoding
F-MLV env (24) uniquely induces a predominantly low-avidity env-
specific CD4+ T cell response as a result of a distinct pattern of Ag
presentation driving a protracted phase of T cell expansion.

Materials and Methods
Mice

Inbred C57BL/6 (B6) and CD45.1+ congenic B6 mice were originally
obtained from The Jackson Laboratory (Bar Harbor, ME). TCRb-trans-
genic EF4.1 mice (21), Ifngr12/2 mice (25), Ifnar12/2 mice (26), Tnfr12/2

mice (27), Tnfrsf42 /2 mice (28), Il21r2 /2 mice (29), Il12a2 /2 mice
(30), and Nur77-GFP–transgenic mice (31) were all on the B6 genetic
background. Mice with dendritic cell (DC)–specific deletion of MHC class
II were obtained by crossing mice with a conditional H2-Ab1 allele (H2-
Ab1fl) (32) with mice expressing Cre under the Cd11c promoter (33). In the
latter strain, Cre-mediated recombination is observed in nearly all CD11c+

DCs, but not in CD11c2 monocytes/macrophages, whereas only partial
recombination is observed in CD11clow monocytes, attributed to their
differentiation into DCs (33). All animal experiments were approved by
the Ethical Committee of the National Institute for Medical Research and
conducted according to local guidelines and U.K. Home Office regulations
under the Animals Scientific Procedures Act 1986 (ASPA).

T cell purification and adoptive transfer

Single-cell suspensions were prepared from the spleens and lymph nodes of
donor CD45.1+ or CD45.2+ EF4.1 mice, and CD4+ T cells were enriched
using immunomagnetic positive selection (StemCell Technologies) at
.96% purity. A total of 1 3 106 EF4.1 CD4+ T cells were injected in
CD45.1+CD45.2+ recipients via the tail vein, resulting in engraftment of
∼8000 env-specific CD4+ T cells in the spleen. In indicated cotransfer
experiments, CD4+ T cells from CD45.1+CD45.22 and CD45.12CD45.2+

EF4.1 donor mice were mixed at equal ratios and were distinguished from
each other (and from host cells) based on CD45.1 and CD45.2 expression.
Where indicated, enriched EF4.1 CD4+ T cells were further purified
(.98% purity) by cell sorting, performed on MoFlo cell sorters (Dako-
Cytomation, Fort Collins, CO), according to Va2 expression. A total of
∼1.2 3 105 Va2 or 8.8 3 105 non–Va2-purified EF4.1 CD4+ T cells were
injected separately in recipient mice.

In vivo infection and immunization

FV stocks were propagated in vivo and prepared as 10% w/v homogenate
from the spleen of 12-d-infected BALB/c mice, as previously described (23).
Mice received an inoculum of ∼1000 spleen focus-forming units of FV.
Stocks of B-tropic and N-tropic F-MLV (F-MLV-B and F-MLV-N, respec-
tively) were prepared as culture supernatants of Mus dunni fibroblast cells
chronically infected with the respective virus. Mice received an inoculum
of ∼104 infectious units of F-MLV. Ad5.pIX-gp70 and Ad5.GFP are
replication-defective Ad5-based vectors, expressing F-MLV gp70 and GFP,
respectively, and stocks (24) were prepared by infection of 293A cells at
a titer of 9 3 109 viral genomes/ml. Ad5.pIX-gp70 genome copies were
assessed by real-time PCR using primers 59-CTGCGCCAGAGACTGCGA-
CGA-39 and 59-GACCCGGGGCAGACATAAAAT-39, specific to the F-MLV
env gene. Ad5.pIX-gp70 was administered at the indicated dilution either i.v.
(in 100 ml final volume) or i.m. by injection into the leg muscle (in 40 ml final
volume). To select the appropriate dose, Ad5.pIX-gp70 was titrated in vivo to

the point where it induces an env-specific CD4+ T cell response of equal
magnitude to that induced by FVor F-MLV-B infection (4.5 3 108 Ad5.pIX-
gp70 viral genomes/mouse). For peptide immunization, mice received an i.p.
injection of a total of 12.5 nmol synthetic env124–138 peptide mixed in the
Sigma Adjuvant System. For a cell-based vaccine, mice were given an i.v.
injection of 33 106 FBL-3 cells, an FV-induced tumor cell line that expresses
F-MLV env, but does not produce infectious particles (34). All stocks were
free of Sendai virus, murine hepatitis virus, parvoviruses 1 and 2, reovirus 3,
Theiler’s murine encephalomyelitis virus, murine rotavirus, ectromelia virus,
murine CMV, K virus, polyomavirus, Hantaan virus, murine norovirus,
lymphocytic choriomeningitis virus, murine adenoviruses FL and K87, and
lactate dehydrogenase–elevating virus (LDV). For coinfection of FV and
LDV, a similarly prepared stock of FV additionally containing LDV was also
used (23).

In vitro infection and transduction

The ability of different promoters to drive GFP expression was examined in
B-3T3 and M. dunni fibroblast cells. For CMV promoter (CMVp)–driven
GFP, the XG7 retroviral vector was used (35). For MLV long terminal
repeat (LTR)–driven GFP, the env gene of the Moloney MLV genome in
plasmid pNCS (36) was replaced by an in-frame promoterless bicistronic
gene encoding GFP and Cre using an internal ribosome entry site. Pseu-
dotyped retroviral particles packaging these two vectors were produced in
M. dunni fibroblast cells infected with F-MLV-B as previously described
(37). Assessment of GFP expression by the CMVp used in the Ad5 vector
was carried out using the Ad5.GFP vector (24). Cells were transduced with
the pseudotyped retroviral vectors or transfected with Ad5.GFP particles at
a mean order of infection of ,0.2 to minimize uptake of more than one
particle per cell.

Flow cytometry

Single-cell suspensions were stained with directly conjugated Abs to
surface markers, obtained from eBioscience (San Diego, CA), Caltag/
Invitrogen, BD Biosciences (San Jose, CA), or BioLegend (San Diego,
CA). Cell-cycle analyses were performed by intranuclear staining for the
Ki-67 Ag (BD Biosciences) or Vybrant DyeCycle Violet (Invitrogen).
Multicolor cytometry was performed on FACSCanto II, LSRFortessa (both
from BD Biosciences), and CyAn (Dako, Fort Collins, CO) flow cytometers
and analyzed with FlowJo v10 (Tree Star, Ashland, OR) or Summit v4.3
(Dako) analysis software.

Peptide–MHC class II tetramer synthesis

H2-Ab complexes with peptide-register trapped F-MLV env125–135 (corre-
sponding to the amino acid sequence LTSLTPRCNTA) were produced and
biotinylated in Drosophila melanogaster S2 cells and then combined with
streptavidin-allophycocyanin (Prozyme, Hayward, CA) to make tetramers,
which were used as previously described (38).

In vitro env presentation assay

DCs were examined for their ability to present to the H5 env-specific T cell
hybridoma (17) during an 18-h coculture. The spleens of F-MLV–infected
or Ad5.pIX-gp70–immunized mice were removed at indicated time points,
treated with Liberase TL (Roche, Mannheim, Germany) for 30 min, and
stained with directly conjugated Abs. DCs were purified by cell sorting as
CD192Ly6C2CD11bintCD11c+MHC class IIhi cells and used for the assay
at the indicated numbers together with 105 H5 cells. Expression of CD69
on H5 cells was assessed by flow cytometry at the end of culture.

Gene expression profiling

For gene expression comparisons, Ad5.pIX-gp70–primed env-specific ef-
fector EF4.1 CD4+ T cells were purified by cell sorting as donor-type
CD44hiCD4+ T cells on day 7. RNA was isolated using the QIAcube
(Qiagen, Crawley, U.K.). RNA quality was assessed using the Agilent
bioanalyzer (Agilent Technologies, Santa Clara, CA). Synthesis of cDNA,
probe labeling, and hybridization were performed using MouseGene 1.0
ST oligonucleotide arrays (Affymetrix, Santa Clara, CA). Primary micro-
array data are available on the ArrayExpress database (http://www.ebi.ac.
uk/arrayexpress) under accession number E-MTAB-2210. Ad5.pIX-gp70–
primed effectors were compared with previously obtained data from naive
EF4.1 CD4+ T cells as well as effectors primed by either FV infection or
FV/LDV coinfection (23) (available under accession number E-MEXP-
2950). Microarray data were analyzed with GeneSpring GX (Agilent
Technologies) and Qlucore Omics 3.0 (Qlucore, Lund, Sweden). Func-
tional gene annotations were obtained using g:Profiler (39) and Interfer-
ome v2.0 (40).
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Statistical analyses

Statistical comparisons were made using SigmaPlot 12.0 (Systat Software,
Erkrath, Germany). Parametric comparisons of normally distributed values
that satisfied the variance criteria were made by an unpaired Student t tests.
Data that did not pass the variance test were compared with a nonpara-
metric two-tailed Mann–Whitney rank sum test.

Results
Ad5-vectored env uniquely induces low-avidity env-specific
CD4+ T cells

To monitor the clonotypic composition of the CD4+ T cell response
to the env122–141 retroviral Ag, cohorts of allotypically marked
EF4.1 TCRb-transgenic CD4+ T cells were transferred into wild-
type (WT) hosts at the time of infection or immunization and their
peak response was analyzed 7 d later. Absolute numbers of high-
avidity Va2 CD4+ T cells were plotted against those of low-
avidity non–Va2 CD4+ T cells, together with the threshold at
which these two populations are equal (Fig. 1A). This analysis
reveals both the magnitude of the response and its composition in
a single plot. At this time point, the response to FV infection was
dominated (.70%) by high-avidity Va2 CD4+ T cells (23), and
this was reproduced with several different immunization methods
(Fig. 1A), including F-MLV-B, env124–138 peptide in Sigma Ad-
juvant System, and FV-induced FBL-3 tumor cells expressing
F-MLV env. In stark contrast, a replication-defective recombinant
Ad5–based vaccine encoding F-MLVenv (Ad5.pIX-gp70) induced
predominantly non–Va2 CD4+ T cells (Fig. 1A–C). Although
both F-MLV-B and Ad5.pIX-gp70 elicited an env-specific CD4+

T cell response of comparable magnitude (Fig. 1A, 1B), the
proportion of high-avidity Va2 CD4+ T cells within this response
was significantly lower for Ad5.pIX-gp70 than for F-MLV-B
(Fig. 1B, 1C).
We next confirmed that a low-avidity env-specific CD4+ T cell

response to Ad5.pIX-gp70 was not only restricted to TCRb-
transgenic EF4.1 CD4+ T cells. We therefore administered
F-MLV-B or Ad5.pIX-gp70 to nontransgenic WT mice and used
peptide–MHC class II tetramers to identify the env-specific CD4+

T cells. Because the available Ab-env122–141 tetramer used in
previous studies did not reliably identify env-specific CD4+ T cells
(17, 21), we generated a new version of the reagent that included
only a register-trapped core env125–135 epitope. Ab-env125–135
tetramer binding, 7 d after either F-MLV-B or Ad5.pIX-gp70
administration to WT mice, identified a comparable population
of CD4+ T cells in both frequency within CD4+ T cells and
absolute numbers (Fig. 1D, 1E). However, the intensity of Ab-
env125–135 tetramer staining, which provides an indirect measure
of TCR avidity, was significantly lower in env-specific CD4+

T cells induced by Ad5.pIX-gp70 than by F-MLV-B (Fig. 1F).
These results demonstrated that, in comparison with F-MLV-B,

Ad5.pIX-gp70 induced a lower frequency of Va2 T cells in virus-
specific TCRb-transgenic EF4.1 CD4+ T cells (Fig. 1B, 1C) and
lower intensity of Ab-env125–135 tetramer binding in non–TCR-
transgenic CD4+ T cells (Fig. 1D, 1F). This was despite the pro-
nounced TCR downregulation in EF4.1 CD4+ T cells caused by
F-MLV-B, but not Ad5.pIX-gp70 (Fig. 1B).

Avidity of env-specific CD4+ T cell response is determined
early during priming

The cognate env peptide encoded by either Ad5.pIX-gp70 or
F-MLV-B might be presented at different amounts and duration, in
different proinflammatory environments, and by different APCs,
even when the two viruses are administered via the same route. We
therefore examined whether these parameters were responsible for
differences in the resulting env-specific CD4+ T cell response.

Induction of lower avidity env-specific CD4+ T cells by Ad5.pIX-
gp70 was not due to excessive overall Ag production, as it was
independent of the vaccine dose (Fig. 2A). However, it was theo-
retically possible that, on a per-cell basis, Ad5.pIX-gp70 produced
excessive amounts of Ag owing to the heterologous CMVp driving
env expression. Comparison of two retroviral vectors encoding GFP
under either an internal CMV promoter or the native LTR confirmed
the stronger in vitro activity of the former (Fig. 2B–D). An Ad5

FIGURE 1. Ad5-vectored env uniquely induces low-avidity env-specific

CD4+ T cells. (A) Absolute numbers of high-avidity Va2 or low-avidity

non–Va2 donor env-specific EF4.1 CD4+ T cells in the spleens of recipient

mice 7 d after adoptive transfer and indicated immunization. The diagonal

dashed line represents equal proportion of the two subsets. (B) Repre-

sentative flow cytometric profiles of CD4+CD44+ T cells from F-MLV-B–

infected or Ad5.pIX-gp70–immunized recipient mice (day 7), dis-

tinguishing host (CD45.1+CD45.2+) and donor (CD45.1+CD45.22) EF4.1

cells (left) and the Va2+ cells in the latter (right). (C) Frequency of Va2+

cells in the same mice. (D) Representative flow cytometric staining of

CD4+ T cells from F-MLV-B–infected or Ad5.pIX-gp70–immunized (day

7) nontransgenic mice with the Ab-env125–135 tetramer. (E) Absolute

numbers of Ab-env125–135 tetramer-binding CD4+ T cells in the same mice.

(F) Median fluorescence intensity (MFI) of Ab-env125–135 tetramer staining

in the same samples. In (A), (C), (E), and (F), each symbol is an individual

mouse. In (B)–(F), one of three experiments is shown.
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vector encoding GFP under a CMV promoter (Ad5.GFP) produced
kinetics of GFP expression that were similar to those of LTR-GFP
as well as intensity that was intermediate between that of LTR-GFP
and CMVp-GFP (Fig. 2B–D).
The amount of Ag produced per cell or in total would also be

expected to vary according to the cell type that is transfected fol-
lowing Ad5.pIX-gp70 immunization, which, in turn, depends on the
route of administration. Poor representation of high-avidity Va2 cells
in splenic env-specific CD4+ T cells was also observed following
i.m. Ad5.pIX-gp70 immunization (Fig. 2E, 2F). Intramuscular injec-
tion of Ad5.pIX-gp70, but not i.v. injection of either Ad5.pIX-gp70
or F-MLV-B, induced env-specific CD4+ T cells in the popliteal
lymph node, which were enriched in high-avidity Va2 cells (Fig.
2E). However, numbers of env-specific CD4+ T cells in the popliteal
lymph node were an order of magnitude lower than in the spleen,
and the overall frequency of Va2 cells in total env-specific CD4+

T cells was substantially lower in mice i.m. immunized with
Ad5.pIX-gp70 than those infected with F-MLV-B (Fig. 2E, 2F).
Viral infections generally induce a proinflammatory environ-

ment including the production of IFNs. However, we have pre-

viously observed that FV infection induces an exceptionally weak
IFN response (41). To examine the effect of different proin-
flammatory environments, F-MLV-B was coinjected with either
Ad5.pIX-gp70 or the control vector Ad5.GFP. In the latter com-
bination, the Ad5.GFP vector would mimic the strong IFN in-
duction by Ad5.pIX-gp70, but would not contribute to env
presentation. Additionally, we used coinjection of FV with LDV,
which has been previously shown to induce a strong IFN response
(41). These experiments revealed that the ability of F-MLV-B
and FV to induce a high-avidity Va2 env-specific CD4+ T cell
response was dominant and not affected by Ad5.pIX-gp70,
Ad5.GFP, or LDV coinjection and the resulting proinflammatory
environment (Fig. 3A).
Following F-MLV-B and Ad5.pIX-gp70 coinjection, it was not

possible to establish which of the two viruses primed most CD4+

T cells. To investigate any differential effects in early priming, we
analyzed the clonotypic composition of env-specific CD4+ T cells
primed by Ad5.pIX-gp70 and subsequently boosted with F-MLV-B
or an additional injection of Ad5.pIX-gp70 4 d later. In this exper-
imental setting, env-specific CD4+ T cells primed by Ad5.pIX-gp70

FIGURE 2. Ad5.pIX-gp70 immunization induces low-

avidity env-specific CD4+ T cells, irrespective of dose or

route. (A) Absolute numbers of Va2 or non–Va2 donor

env-specific EF4.1 CD4+ T cells in the spleens of recipient

mice 7 d after immunization with the indicated dilutions of

the standard Ad5.pIX-gp70 dose (4.53 108 viral genomes/

mouse). (B) Representative flow cytometric profiles for B-

3T3 cells transduced with retroviral vectors encoding GFP

under a CMV promoter (CMVp-GFP) or the LTR (LTR-

GFP) transfected with Ad5.GFP 3 d earlier or left un-

treated (negative). Gates mark the arbitrary populations

expressing low or high amounts of GFP. (C) Kinetics of

GFP expression in the same cells as in (B) plotted as the

frequency of GFP+ cells during 3 d of culture expressed as

a fraction of the maximum frequency on day 3. (D) In-

tensity of GFP expression in the same cells as in (B) on day

3 of culture, plotted as the frequency of GFPbright cells

within GFP+ cells only. Results in (B)–(D) are represen-

tative of four experiments. (E) Absolute numbers of Va2 or

non–Va2 donor env-specific EF4.1 CD4+ T cells in the

spleens (SP) or popliteal lymph nodes (LN) of recipient

mice 7 d after i.v. F-MLV-B infection or i.v. or i.m.

Ad5.pIX-gp70 immunization. (F) Frequency of Va2+ cells

in total env-specific EF4.1 CD4+ T cells in spleens and lymph

nodes combined from the same mice as in (E). In (A), (E),

and (F), each symbol is an individual mouse.
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contained predominantly non-Va2, even when Ag presentation was
continued by additional F-MLV-B or Ad5.pIX-gp70 injections
(Fig. 3B). This result suggested that the clonotypic composition at
the peak of the response was determined early during priming. We
therefore looked for differences in early Ag presentation.
CD4+ T cell priming by both F-MLV-B and Ad5.pIX-gp70 was

mediated by DCs, as it was abrogated in mice with conditional
MHC class II deletion in CD11c+ DCs (Fig. 3C). Blood-borne
adenoviruses are trapped in the splenic marginal zone (42),
which is defective in Tnfr12/2 mice (43). Nevertheless, differen-
tial priming by the two viruses remained intact in Tnfr12/2 mice
(Supplemental Fig. 1), further supporting a predominant role for
DCs. Ag presentation by ex vivo splenic DCs from Ad5.pIX-
gp70– or F-MLV-B–injected WT mice was comparable on day 3
after virus challenge (Fig. 3D). DC Ag presentation increased
considerably by day 7 after F-MLV-B, in line with its replication
kinetics, but it was entirely diminished in the case of Ad5.pIX-
gp70 (Fig. 3D). Consistent with these in vitro data, cohorts of
naive EF4.1 CD4+ T cells could no longer be primed when they
were transferred 6 d after Ad5.pIX-gp70 immunization (Fig. 3E),
which contrasted with efficient priming of EF4.1 CD4+ T cells
even 35 d after FV infection (44).
Taken together, these results suggested that despite eliciting

comparable peak numbers of env-specific CD4+ T cells, Ag pre-

sentation by DCs is lower in overall dose and shorter in duration
following Ad5.pIX-gp70 immunization than F-MLV-B infection.

Ad5.pIX-gp70 and FV priming induce distinct proliferative
phases

We next compared the transcriptional profiles of EF4.1 CD4+

T cells primed by FV and Ad5.pIX-gp70. To exclude transcrip-
tional differences arising from stronger inflammatory responses
we included coinfection with FVand LDV, which induces a strong
IFN response and also high-avidity Va2 env-specific CD4+

T cells. Principal component analysis (Fig. 4A) or hierarchical
clustering (Supplemental Fig. 2) of the transcriptional profiles
clearly separated env-specific effectors induced by Ad5.pIX-gp70,
or FV (with or without LDV) and naive precursors. The vast
majority (87%) of the 750 transcripts that were found in .2-fold
abundance in Ad5.pIX-gp70– than in FV-induced effectors were
related to cell growth, metabolism, and proliferation, with smaller
proportions being IFN-inducible (7%) or related to adaptive im-
munity (5%) (Fig. 4B, Supplemental Tables I, II). The latter group
included several molecules that have been previously implicated
in the regulation of effector CD4+ T cell responses (Fig. 4C) and
warranted closer inspection.
T cell–intrinsic Ifngr1 or Ifnar1 deficiency significantly reduced

the expansion of EF4.1 CD4+ T cells during FV infection and

FIGURE 3. In vivo kinetics of Ag presentation following F-MLV-B infection or Ad5.pIX-gp70 immunization. (A) Absolute numbers of Va2 or non–Va2

donor env-specific EF4.1 CD4+ T cells in the spleens of recipient mice 7 d after immunization with the indicated combination of viruses at the time of T cell

transfer. (B) Absolute numbers of Va2 or non–Va2 donor env-specific EF4.1 CD4+ T cells in the spleens of recipient mice 7 d after priming with Ad5.pIX-

gp70 at the time of T cell transfer (day 0) followed by additional administration of either F-MLV-B or Ad5.pIX-gp70 on day 4. F-MLV-B infection or

Ad5.pIX-gp70 immunization on day 0 was also included as control. (C) Representative flow cytometric profiles of CD4+ T cells, distinguishing host (CD45.1+

CD45.2+) and donor (CD45.1+CD45.22) cells from the spleens of either control mice (H2-Ab1fl/fl) or mice lacking DC expression of MHC class II (H2-

Ab1fl/fl 3 CD11c-Cre) 7 d following adoptive transfer of EF4.1 T cells and F-MLV-B infection or Ad5.pIX-gp70 immunization. Data are representative of

two mice per genotype per virus. (D) CD69 expression in env-specific T cell hybridomas following overnight culture with the indicated number of DCs

isolated from the spleens of F-MLV-B–infected or Ad5.pIX-gp70–immunized WT mice at the indicated times after immunization. Data are pooled from

two experiments. (E) Absolute numbers of total splenic env-specific EF4.1 CD4+ T cells 7 d after transfer into recipient mice that had been immunized with

Ad5.pIX-gp70 0, 2, or 6 d previously. The dashed line represents recovery from nonimmunized recipients. In (A), (B), and (E), each symbol is an individual

mouse.
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FIGURE 4. Gene expression and reliance of EF4.1 CD4+ T cells responding to FV infection or Ad5.pIX-gp70 immunization. (A) Principal component

analysis plot of triplicated samples from naive EF4.1 CD4+ T cells and day 7 effector T cells in response to FV infection, Ad5.pIX-gp70 immunization, or

FV and LDV coinfection. (B) Functional profiling of the 750 genes that were found .2-fold upregulated in Ad5.pIX-gp70– than in FV-primed effector

EF4.1 CD4+ T cells, expressed as a percentage of the total. (C) Fold change of the 46 adaptive immunity–related genes that were found .2-fold dif-

ferentially expressed between Ad5.pIX-gp70– and FV-primed effector EF4.1 CD4+ T cells. (D) Absolute numbers of splenic Va2 or non–Va2 donor env-

specific EF4.1 CD4+ T cells 7 d after cotransfer of WT and either Ifngr12/2 or Ifnar12/2 EF4.1 CD4+ T cells into recipient mice infected with FV (left) or

coinfected with FVand LDV (right). (E) Absolute numbers of splenic Va2 or non–Va2 donor env-specific EF4.1 CD4+ T cells 7 d after transfer into WTor

Il12a2/2 recipient mice infected with FV. (F) Absolute numbers of splenic Va2 or non–Va2 donor env-specific EF4.1 CD4+ T cells 7 d after cotransfer of

WT and Tnfrsf42/2 EF4.1 CD4+ T cells into recipient mice infected with FV. (G) Absolute numbers of splenic Va2 or non–Va2 donor env-specific EF4.1

CD4+ T cells 7 d after cotransfer of WT and Il21r2/2 EF4.1 CD4+ T cells into recipient mice infected with FV. p = 0.003 between the frequency of Va2+

cells in WT and Il21r2/2 EF4.1 CD4+ T cells (n = 11, Mann–Whitney rank sum test). In (D)–(G), each symbol is an individual mouse.
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FV/LDV coinfection, according to the amount of IFNs produced
(41), without affecting the dominance of Va2 cells (Fig. 4D). Despite
differential expression of Il12rb2, the gene encoding the b-chain
of the heterodimeric receptor for IL-12 (Fig. 4C), EF4.1 CD4+

T cells transferred into WT or Il12a2/2 hosts, unable to produce
IL-12 and IL-35, exhibited similar expansion and dominance of
Va2 cells in response to FV infection (Fig. 4E). Similarly, T cell–
intrinsic Tnfrsf4 deficiency reduced peak numbers of env-specific
CD4+ T cells, but not the proportion of Va2 cells (Fig. 4F). Lastly,
T cell–intrinsic Il21r deficiency reduced peak numbers of env-
specific CD4+ T cells and also caused a statistically significant
reduction in the frequency of high-avidity Va2 cells in response to
FV infection (Fig. 4G), which was not, however, as dramatic as
that seen following Ad5.pIX-gp70 immunization (Fig. 1A). These
findings indicated that the clonotypic composition of the CD4+

T cell response to F-MLV env, and in particular the dominance of
Va2 cells, was relatively insensitive to factors promoting the re-
sponse, such as type I or II IFN, OX40L, or IL-12/IL-35, with the
possible exception of IL-21. Instead, they suggested that differ-
ences in cellular proliferation on day 7 arose from disparate ki-
netics of the response to Ad5.pIX-gp70 and FV.
We first confirmed that transcriptional differences in cellular

proliferation-related transcripts were indeed accompanied with
different proliferation rates. In line with overrepresentation of

Mki67, the transcript encoding the Ag identified by the mAb Ki-67
(Supplemental Table I), on day 7 of the response, Ad5.pIX-gp70
induced higher amounts of Ki-67 protein than did F-MLV-B (Fig.
5A). Similar results were obtained when cellular proliferation was
assessed by staining for DNA content (not shown). Time-course
analysis of Ki-67 expression indicated that F-MLV-B induced
rapid proliferation, particularly of Va2 cells that was decelerating
already by day 7, whereas Ad5.pIX-gp70 induced sustained
proliferation, particularly of non–Va2 cells, reaching maximum
speed on day 7 (Fig. 5A). Differences in proliferation rates also
translated in env-specific CD4+ T cell numbers. Whereas F-MLV-B
induced near-peak numbers of env-specific CD4+ T cells already
by day 4, with minimal further increase on day 7, numbers of
env-specific CD4+ T cells were very much reduced on day 4
after Ad5.pIX-gp70 and were significantly elevated on day 7 (Fig.
5B). These results supported a model whereby high-avidity Va2
cells exhibited an early advantage in response to both viruses
(Fig. 5B). Whereas early termination of the proliferative response
to F-MLV-B fixed the advantage of Va2 cells, Ad5.pIX-gp70
permitted further T cell expansion, particularly of non–Va2 cells,
which eventually dominated the response.
Reduced proliferation at the peak (day 7) of the response to FVor

F-MLV-B was not due to the lack of Ag-induced TCR signaling. To
measure in vivo TCR signaling strength, we used EF4.1 CD4+

FIGURE 5. Proliferation kinetics of EF4.1 CD4+ T cells responding to FV infection or Ad5.pIX-gp70 immunization. (A) Representative flow cytometric

assessment of Ki-67 expression on day 7 in donor env-specific EF4.1 CD4+ T cells (left) and frequency of Ki-67+ Va2 or non–Va2 donor env-specific

EF4.1 CD4+ T cells 4 and 7 d after transfer into F-MLV-B–infected or Ad5.pIX-gp70–immunized recipients. Data are means of six to nine mice from three

experiments. (B) Absolute numbers of splenic Va2 or non–Va2 donor env-specific EF4.1 CD4+ T cells 4 and 7 d after transfer into F-MLV-B–infected or

Ad5.pIX-gp70–immunized recipients. (C) Representative flow cytometric assessment of Nur77-driven GFP expression on day 7 in donor env-specific EF4.1

CD4+ T cells (left) and mean fluorescence intensity (MFI) of GFP expression in Va2 or non–Va2 donor env-specific EF4.1 CD4+ T cells 4 and 7 d after

transfer into F-MLV-B–infected or Ad5.pIX-gp70–immunized recipients. Data are means of eight mice from three experiments. The dashed line represents

MFI of GFP signal in nonactivated cells. (D) Absolute numbers of splenic Va2 or non–Va2 donor env-specific EF4.1 CD4+ T cells 7 d after transfer into

FV-infected recipients of either total EF4.1 CD4+ T cells, containing both Va2 or non–Va2 cells (mixed), or purified Va2 or non–Va2 EF4.1 CD4+ T cells

separately (separate). In (B) and (D), each symbol is an individual mouse.
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T cells additionally carrying a GFP-encoding transgene driven by
the promoter of the Nr4a1 gene (encoding Nur77) (31). Nearly all
doubly transgenic env-specific CD4+ T cells were Nur77-GFP+ on
day 7 of the response to either F-MLV-B or Ad5.pIX-gp70, indi-
cating continued TCR signaling (Fig. 5C). Consistent with their
higher functional avidities in vitro, Va2 cells showed significantly
higher intensity of GFP expression than did non-Va2 from the
same recipient, irrespective of priming virus (Fig. 5C). However,
in line with viral replication and Ag presentation kinetics
(Fig. 3D), GFP intensity was similarly induced by F-MLV-B or
Ad5.pIX-gp70 on day 4 within either Va2 or non–Va2 cells and,
although it remained low or decreased on day 7 after Ad5.pIX-
gp70, it was significantly increased at the same time point after
F-MLV-B (Fig. 5C). Thus, F-MLV-B–primed env-specific CD4+

T cells displayed reduced proliferation rates (Fig. 5A) despite
receiving stronger TCR signals than did Ad5.pIX-gp70–primed
cells (Fig. 5C).
The abundance of TCR signaling in env-specific CD4+ T cells

following F-MLV-B infection (Fig. 5C), as well as robust high-
avidity responses despite deficiencies in expansion-promoting
factors (Fig. 3D–G), suggested that curtailed T cell expansion
may have been due to active inhibition, particularly of non–Va2
cells. This was tested by comparing the relative accumulation of
Va2 and non–Va2 cells env-specific EF4.1 CD4+ T cells adop-
tively transferred either together or separately into FV-infected
recipients (Fig. 5D). Whereas Va2 cells transferred alone accu-
mulated only marginally better than with non–Va2 cells, non–
Va2 cells transferred alone accumulated at 2.7-fold higher num-
bers than with Va2 cells (Fig. 5D) and were now comparable with
Va2 cells. Thus, rather than intrinsically, expansion of low-avidity
non–Va2 cells was restricted by high-avidity Va2 cells in re-
sponse to FV infection.

Induction of low-avidity env-specific CD4+ T cells by weakly
priming regimens

The current observations suggested that the dominance of high-
avidity Va2 cells in response to FV involved faster initial ex-
pansion followed by inhibition of low-avidity non–Va2 cells. In
contrast, during the slower response to Ad5.pIX-gp70, there may
be insufficient numbers of high-avidity Va2 cells at early time
points to effectively prevent expansion of low-avidity non–Va2
cells. We therefore hypothesized that if a fast and strong T cell
response, driven by sufficient amounts of Ag, was indeed required
to promote high-avidity env-specific CD4+ T cells, then the re-
sponse to FV could be directed into low avidity if Ag presentation
were weaker.
To reduce the degree of Ag presentation during FVor F-MLV-B

infection we primed with F-MLV-N (45). Replication of this virus
in B6 mice is attenuated by the action of Fv1b allele (46). Im-
portantly, this prototypic retroviral restriction factor blocks
F-MLV at a stage after viral entry but before integration. There-
fore, F-MLV-N leads to 100 to 1000 fewer target cells infected
than does F-MLV-B, but each of these infected cells produces the
same amount of Ag (46). Additionally, we transferred EF4.1 CD4+

T cells into hosts that had been infected with FV 30 d prior to
T cell transfer. At this time point, F-MLV-B replication is con-
trolled to a very low and stable level, sufficient to prime a response
(44). In comparison with priming during acute FV infection,
priming by either acute F-MLV-N infection or during the chronic
phase of FV infection led to smaller overall expansion and, no-
tably, also to significantly lower frequencies of high-avidity Va2
cells in the env-specific response (Fig. 6). Thus, reduced F-MLV
env presentation resulted in reduced proportional representation of
high-avidity env-specific CD4+ T cells.

Discussion
Accumulating evidence suggests that the clonotypic composition
of a T cell response to infection or vaccination is a critical pa-
rameter of the protective capacity of that response (11, 16, 17). It is
also clear that administering the same Ag in different regimens
can induce clonotypically distinct T cell responses (19, 20). By
comparing a variety of immunization regimens, we have shown in
the present study that the model retroviral Ag F-MLVenv induced
a low-avidity CD4+ T cell response when vectored by Ad5. This
unique property of Ad5-vectored env held true both for TCRb-
transgenic and nontransgenic CD4+ T cells and resulted from
a protracted phase of T cell proliferation of all clonotypes, irre-
spective of TCR avidity.
For their proliferative response, CD4+ T cells integrate signals

from multiple sources and are exposed to different antigenic and
inflammatory environments created by distinct types of infection
or vaccination (47). These signals include costimulatory mole-
cules and cytokines, the effect of which can also be modified by
the context of T cell activation. Despite providing nonredundant
signals for maximum CD4+ T cell expansion in response to FV
infection, type I or II IFN, OX40L, and IL-21 were only minimally
required for the dominance of high-avidity clonotypes in the re-
sidual response. This relative insensitivity to different inflamma-
tory environments of the high-avidity CD4+ T response may
represent a T cell adaptation ensuring a robust response irre-
spective of the infecting virus.
Despite the necessity to integrate multiple costimulatory signals,

CD4+ T cells are most reliant for their expansion on Ag-derived
signals (48). Continuous Ag presentation throughout the response
has been shown to promote maximal CD4+ T cell responses in
diverse systems (49–51). In contrast, reduced antigenic stimula-
tion as a result of intraclonal competition has been proposed to
restrain the CD4+ T cell response (52–55). The impact of TCR-
emanating signals is also thought to underlie the dominance of
a few clonotypes at the peak of the CD4+ T cell response in dif-
ferent systems (56). Similarly to the response elicited by F-MLV
env (23), the peak CD4+ T cell responses to an H2-Ek–restricted
PCC epitope (57) and an H2-EdAd–restricted sperm whale myo-
globin epitope (58) are also dominated by initially rare high-
avidity clonotypes.
The advantage of high-avidity clonotypes in all cases appears to

manifest very early in the CD4+ T cell response. This is also the case
following Ad5.pIX-gp70 immunization, where, at least transiently

FIGURE 6. Effect of reduced F-MLV replication on the avidity of the

env-specific CD4+ T cell response. (A) Absolute numbers of splenic Va2

or non–Va2 donor env-specific EF4.1 CD4+ T cells 7 d after transfer into

recipient mice infected with FV or F-MLV-N at the time of T cell transfer

or with FV 30 d prior to T cell transfer. (B) Frequency of Va2+ cells in the

same mice. In (A) and (B), each symbol is an individual mouse.
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on day 4, the CD4+ T cell response is composed primarily of high-
avidity clonotypes. However, our data suggest that although stron-
ger TCR signals establish the early advantage of high-avidity clo-
notypes, alone they are not sufficient to maintain it. One important
difference between persistent infection with a replicating virus and
immunization with replication-defective vectors or purified proteins
is Ag kinetics. Following F-MLV-B infection, Ag availability con-
tinued to rise to a maximum at or beyond the peak of the T cell
response. This availability was also reflected in the amount of TCR
signaling env-specific CD4+ T cells experienced. The use of the
Nur77-driven GFP reporter transgene not only confirmed that high-
avidity clonotypes received stronger TCR signals than did low-
avidity ones throughout the course of the env-specific CD4+

T cell response, it also revealed a disconnect between TCR sig-
naling and sustained T cell proliferation. The inability of strong
TCR signals to maintain CD4+ T cell expansion in F-MLV-B or FV
infection highlights the existence of further constrains.
Our data support a model whereby competition in CD4+ T cell

expansion, when imposed early enough, preserves the initial ad-
vantage of high-avidity clonotypes. This model is also supported
by the observed inhibition of low-avidity clonotypes by high-
avidity counterparts in response to FV infection. Consistent with
this model, in comparison with Ad5.pIX-gp70 priming, the tran-
scriptional profile of FV-primed effector CD4+ T cells was en-
riched in inhibitory molecules, including CTLA-4 and LAG-3,
both of which have been implicated in the control of CD4+ T cell
responses through cell-extrinsic inhibitory effects on DCs (59, 60).
Alternatively, competition between high- and low-avidity clono-

types may be the result of differentiation into opposing Th subsets. Th
subset commitment of effector CD4+ T cells may affect their clonal
expansion, as well as their ability to persist in the memory population
(61). Differentiation of CD4+ T cells into distinguishable subsets has
been proposed by several studies to rely on instructive cues linked to
TCR signal strength (62). Indeed, differences in Th differentiation
were observed between Va2 and non–Va2 effector CD4+ T cells
responding to FV infection (23), as well as between effector CD4+

T cells responding to FV infection or Ad5.pIX-gp70 vaccination.
However, such differences were small and rather quantitative, and
both Va2 and non–Va2 effector CD4+ T cells differentiated almost
exclusively into Th1 or follicular helper T cells (23). Nevertheless, it
is possible that divergent TCR signal strength-driven Th differentia-
tion of Va2 and non–Va2 clonotypes is responsible for the charac-
teristic clonotypic composition in response to different viruses. This
hypothesis is currently under investigation.
Priming of the env-specific CD4+ T cell response was entirely

dependent on DC-intrinsic expression of MHC class II when ei-
ther FV or Ad5.pIX-gp70 was used. This finding explains the
previously observed requirement for DCs in the Ab response to
FV (63). The critical parameter of Ag presentation that affected
the avidity of the CD4+ T cell response was not its duration, but
rather the overall intensity during the first 4–6 d.
Using dispersible or depot-forming adjuvants for immunization

with purified PCC, earlier pioneering work has linked the induction
of higher avidity CD4+ T cell clonotypes with dispersible adjuvants
containing CpG oligodeoxynucleotides or monophosphoryl lipid A
(19). Our comparison of local (popliteal lymph node) and systemic
(spleen) env-specific CD4+ T cell responses to i.m. Ad5.pIX-gp70
immunization demonstrated higher avidity at the local site, arguing
against a requirement for Ag dispersal for high-avidity responses.
Instead, common to both studies, high-avidity responses were always
associated with more efficient CD4+ T cell priming. Indeed, the two
adjuvants that induced the highest avidity of the CD4+ T cell re-
sponse in the PCC system (CpG and, especially, monophosphoryl
lipid A) also induced the biggest response (19). Assuming the

magnitude of the response is proportional to the efficiency of pre-
sentation, the results from both studies suggest that the avidity of the
CD4+ T cell response is promoted by fast and efficient Ag presen-
tation. This is also supported by the following observations. First,
reducing the total amount of presented F-MLV env by using atten-
uated vaccine F-MLV viruses or by using adoptive hosts at the
chronic phase of infection, when Ag persists at very low levels,
caused a concomitant decrease in the elicited CD4+ T cell response.
Also, reducing the immunizing dose of Ad5.pIX-gp70 did not im-
prove the affinity of the resulting CD4+ T cell response. Second, the
extended duration of Ag presentation at later time points did not
seem to contribute to a high-avidity CD4+ T cell response, as peptide
immunization induced a high-avidity response, and also prolonging
Ag presentation by infection with F-MLV 4 d after Ad5.pIX-gp70
priming did not restore a high-avidity CD4+ T cell response.
An important distinction to be made is between overall amounts

of Ag presented by all APCs collectively and amounts produced
per APC. The use of the heterologous CMV promoter driving trans-
gene expression in Ad5 vectors (8, 9, 24) can result in higher per-
cell amounts than expression driven by the native retroviral LTR.
High amounts of Ag produced by a single transfected APC may
compensate for the inability of replication-defective Ad5-based
vectors to amplify their genome copies in the host, and may be
beneficial in the induction of a protective Ab response (24).
However, high Ag production per cell will have a negative impact
on the avidity of the CD4+ T cell response.
High Ag density on individual APCs produced by vaccination

may induce clonotypes with low avidity, which will not react with
the lower amounts of Ag produced during retroviral infection or
mediate effective protection against the natural infection (17). This
principle was recently demonstrated with the use of vaccinia virus
vectors expressing an antigenic peptide fused to either GFP or
H2-Ab molecules, which create a 100-fold difference in the amount of
antigenic complexes presented by individual APCs (64). In this
study, high Ag density generated by fusion to H2-Ab induced
CD4+ T cells with avidity and cross-reactivity patterns that were
poorly induced by low Ag density (64). Therefore, attempts to
maximize Ag production during vaccination should aim at gen-
erating a greater number of Ag-producing APCs, each of which,
however, should not produce Ag in greater amounts than those
produced per cell during natural infection.
It is now clear that distinct vectors elicit qualitatively different

T cell responses, which in turn provide disparate degrees of pro-
tection against infection. Our data underpin the importance of the
clonotypic composition of vaccine-induced T cell responses in
determining the efficacy of vaccination.
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