OPEN 8 ACCESS Freely available online

© pLos one

Immunological Memory Transferred with CD4 T Cells
Specific for Tuberculosis Antigens Ag85B-TB10.4:
Persisting Antigen Enhances Protection

el

Darragh Duffy'”, Amina Dawoodji', Else Marie Agger?, Peter Andersen?, Jiirgen Westermann?, Eric B.

Bell™*

1 Immunology Section, University of Manchester, Manchester, United Kingdom, 2 Department of Infectious Disease Immunology, Statens Serum Institut, Copenhagen,

Denmark, 3 Institute for Anatomy, University of Lubeck, Libeck, Germany

Abstract

Background: High levels of death and morbidity worldwide caused by tuberculosis has stimulated efforts to develop a new
vaccine to replace BCG. A number of Mycobacterium tuberculosis (Mtb)-specific antigens have been synthesised as
recombinant subunit vaccines for clinical evaluation. Recently a fusion protein of TB antigen Ag85B combined with a second
immunodominant TB antigen TB10.4 was emulsified with a novel non-phospholipid-based liposomal adjuvant to produce a
new subunit vaccine, investigated here. Currently, there is no consensus as to whether or not long-term T cell memory
depends on a source of persisting antigen. To explore this and questions regarding lifespan, phenotype and cytokine
patterns of CD4 memory T cells, we developed an animal model in which vaccine-induced CD4 memory T cells could
transfer immunity to irradiated recipients.

Methodology/Principal Findings: The transfer of protective immunity using Ag85B-TB10.4-specific, CD45RB'°" CD62L'"*"
CD4 T cells was assessed in sub-lethally irradiated recipients following challenge with live BCG, used here as a surrogate for
virulent Mtb. Donor T cells also carried an allotype marker allowing us to monitor numbers of antigen-specific, cytokine-
producing CD4 T cells in recipients. The results showed that both Ag85B-TB10.4 and BCG vaccination induced immunity
that could be transferred with a single injection of 3x1 0° CDA4 T cells. Ten times fewer numbers of CD4 T cells (0.3 x10°) from
donors immunised with Ag85B-TB10.4 vaccine alone, transferred equivalent protection. CD4 T cells from donors primed by
BCG and boosted with the vaccine similarly transferred protective immunity. When BCG challenge was delayed for 1 or 2
months after transfer (a test of memory T cell survival) recipients remained protected. Importantly, recipients that contained
persisting antigen, either live BCG or inert vaccine, showed significantly higher levels of protection (p<<0.01). Overall the
numbers of IFN-y-producing CD4 T cells were poorly correlated with levels of protection.

Conclusions/Significance: The Ag85B-TB10.4 vaccine, with or without BCG-priming, generated TB-specific CD4 T cells that
transferred protective immunity in mice challenged with BCG. The level of protection was enhanced in recipients containing
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a residual source of specific antigen that could be either viable or inert.
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Introduction

Tuberculosis remains one of the world’s leading causes of
mortality and morbidity [1] despite the widespread use of the
BCG vaccine (Mycobacterium bovis, bacille Calmette-Guérin). The
BCG vaccine confers protection during childhood [2] and in some
populations was found to have an efficacy of about 50% for up to
60 years[3]. Despite the beneficial effects, BCG vaccination does
not prevent substantial problems with pulmonary disease in the
adult population, especially in many developing countries [1].
There is an urgent need for a new vaccine. As a result of
technological advances, increases in funding and heightened
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interest within the scientific community, there are a number of
candidate vaccines in various stages of clinical trials [4]. The
current candidate vaccines are broadly divided into live myco-
bacterium-based preparations, viral vectors or synthetic subunit
vaccines. One strategy for developing new live vaccines is to
introduce highly immunogenic, but non-pathogenic, epitopes from
Mycobactertum tuberculosis (Mtb) into the BCG genome or alterna-
tively to use a mutated AMtbh in which at least two virulence genes
have been altered so as to render the microorganism harmless [3].
Another option is to express Mth antigens in the modified vaccinia
virus Ankara (MVA) as a vaccine to boost subjects previously
immunised with BCG [6]. The third approach aims to develop
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vaccines comprised of highly immunogenic Mtbh antigens that can
be combined with novel adjuvant systems. The present study is
concerned with the latter type of vaccine.

A new vaccine strategy will only replace BCG when it is shown
that it exceeds the degree of protection and safety currently
provided by BCG. In the immediate future it is likely that any new
vaccine, especially subunit/vector vaccines, will be used to
augment the BCG-induced immune response. Attempts to boost
BCG-generated immunity with a second dose of BCG have failed
in both human trials and animal models [7,8]. The reasons for this
are not fully understood [1]. A heterologous prime/boost
immunisation procedure — BCG followed by a subunit vaccine —
1s currently the favoured strategy to overcome the limitations of
the BCG vaccine.

Recently, recombinant Ag85B was combined with a second
Mtb-specific antigen TB10.4 [9,10] that is strongly recognised by T
cells from both BCG-vaccinated and TB patients [9]. A fusion
protein consisting of Ag85B and TB10.4 was therefore produced
and evaluated as a potential tuberculosis subunit vaccine [11]. It
was shown that Ag85B-TB10.4, when combined with a cationic
liposome adjuvant, induced a powerful cell-mediated response
[12], IFN-y producing CD4 T cells and protective immunity in
mice challenged with Mth [13].

It is often assumed that immunological memory depends on
populations of memory CD4 T cells that are long-lived. This
assumption was questioned by adoptive transfer experiments,
reported several decades ago, that observed a rapid loss of memory
in recipients that were not challenged immediately with specific
antigen [14]. It has been argued that long-lived immunological
memory depends on a source of persisting antigen [15,16]. This
issue remains unresolved and has important implications for
vaccine development.

The present paper describes an experimental model that could
assist in evaluating immunological memory induced by candidate
vaccines. The study showed that protective immunity against a
BCG challenge was adoptively transferred with a subset of CD4 T
cells primed by BCG and boosted with the candidate vaccine
Ag85B-TB10.4. In addition, the investigation showed that
persisting recombinant vaccine could enhance the level of
protection.

Materials and Methods

Ethics Statement

All animals were handled in strict accordance with good animal
practice as defined by the UK Animal (Scientific Procedures) Act
1986. All animal work was approved by the University of
Manchester Ethics Committee.

Animals

B6 (C57BL6J, CD45.2) mice were purchased from Charles
River, Manston, UK. A colony of the congenic strain B6.SJL
(G57BL6Ly5.1, CD45.1) was established in SPT (specific patho-
gen-free) conditions from breeding pairs supplied by Charles
River. Both strains were maintained under conventional husband-
ry in the Biological Services Unit of the University of Manchester.
Mice used as recipients were given a sub-lethal dose (7Gy) of
gamma irradiation delivered by an industrial X-ray tube, model
MXR-320/26, at a dose rate of 0.76 Gy/min.

Antigens and Adjuvants

The Danish 1331 strain of BCG was stored at —80°C and
thawed before injection. The candidate subunit vaccine Ag85B-
TB10.4, is a recombinant fusion protein composed of two antigens
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from Mth (Ag85B-TB10.4) [11] that are expressed by BCG. The
adjuvant CAFO1 (dimethyl dioctadecyl ammonium bromide/
trehalose 6,6'-dibehenate) [12,17] was prepared by the lipid film
method previously described [12] and stored at 4°C as a stable
solution. The vaccine was prepared just before use. Each dose
contained 2 ug of antigen mixed with 0.2 ml of adjuvant (250 pg
DDA and 50 pg TDB).

Immunisations

Mice were antigen-primed by injecting BCG or Ag85B-TB10.4
subcutaneously (s.c.) in both flanks, s.c. on the back of the neck and
intraperitoneally (i.p.). A dose of 5x10* CFUs BCG was divided
between the different sites. For Ag85B-TB10.4 priming, mice
received 3 injections 2 weeks apart. BCG immunised mice were
boosted by injecting BCG or by distributing 2 pg Ag85B-TB10.4
combined with adjuvant between the same sites 2 mo after BCG
priming.

Adoptive Transfer

Immunised mice were killed, spleens and lymph nodes
(mesenteric, inguinal, and auxiliary) removed, teased apart with
forceps and filtered through a nylon monofilament mesh filter.
Splenic red blood cells were removed by layering the cell
suspension onto Histopaque (Sigma, Poole, UK) followed by
centrifugation. Cells remaining at the interface were recovered,
washed with PBS/FCS (phosphate buffered saline/2% foetal calf
serum), pooled and viable cells counted using an electronic Scharfe
CASY!1 counter. Cells were stained for 30 min on ice with a
cocktail of the following rat anti-mouse mAbs (clone in
parentheses): CD45RB (16A), CD8 (53-6.7), CD19 (1D3), MHC
II (M5/114.15.2), F4-80 all from BD Biosciences UK and CD34
(MEC14.7) from Serotec Ltd, Oxford, UK. A sample of stained
cells was removed and incubated with FITC goat anti-rat IgG for
analysis before depletion. Goat anti-rat IgG Biomag® beads
(Metachem Diagnostics Ltd, Piddington, UK) were washed, mixed
with the cells at a concentration of 2 mls of beads per 10 cells and
incubated with occasional re-suspension for 30 min on ice. The
cell/bead suspension was placed on a strong magnet and the
ferrous beads with cells attached were removed by magnetic
adhesion. The cells that remained in suspension were recovered
and washed twice with PBS/FCS. The cells were counted, a
sample stained to assess the purity of the separation (as shown in
Fig. 1C) and the concentration adjusted for injection. Control
CD4 T cells were purified from naive mice as described above but
without the addition of mAb CD45RB. Cells were analysed by
flow cytometry (FACSCalibur, BD, Cowley, UK) using Cell
Quest-Pro software. All cell populations were injected i.v.

BCG Protection Assay

Mice were injected i.v. in the lateral tail vein with 5x10* BCG
in 0.2 ml to assess the ability of recipients to eliminate the
microorganism. Three weeks after injection spleens were removed,
weighed and a fraction removed for cytokine and flow cytometric
analysis. The remaining tissue was stored frozen to determine the
number of surviving BCG at a later time. Frozen spleens were
thawed, macerated on stainless-steel mesh, serially diluted, plated
onto Middlebrook 7H11 agar and incubated for 18 to 21 days at
37°C.. Colonies of BCG were counted and the results scored as
CFU/whole spleen.

Intracellular Cytokine (ICC) Analysis
Spleen cells (5x10°/ml) were cultured overnight in RPMI plus
2% FCS at 37°C with or without 5 pg/ml of Ag85B-TB10.4.
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Figure 1. The development of an adoptive transfer model to
evaluate Mtb-specific CD4 T cells. (A) Donor mice (B6.SJL, CD45.1)
injected with BCG 2 mo before were boosted with Ag85B-TB10.4 and
killed 7 days later. Spleen and lymph nodes were removed, depleted of
B cells, CD8 T cells and macrophages. A representative profile of the
resulting CD4 T cell population stained for CD45RB is shown (B). CD4 T
cells were also depleted of CD45RB"9" cells and injected into recipients
on day 0 (d 0). A representative profile of CD45RB"" CD4 T cells used
for adoptive transfer is shown (C). One day after transfer, irradiated
recipients (X-rad) were challenged i.v. with live BCG, killed 3 weeks later
(d 22) and spleens tested for a reduction in BCG numbers (Protection
assay, CFUs/spleen). An aliquot of spleen cells was cultured overnight in
the presence of Ag85B-TB10.4 antigen and stained for ICC IFN-y. Donor-
derived CD4 T cells (CD4" CD45.1*) were gated in R1 (D) and analysed
for IFN-y positive cells (E). The donor-derived CD45.1" CD4~ cells in
profile D (upper left quadrant) were predominantly contaminating B
cells. Numbers in the representative profiles are the percentage of
events in the quadrant.

doi:10.1371/journal.pone.0008272.g001

Brefeldin A (2.25 ug/ml) was added for the last 4 hr of culture.
Cells were washed, stained for CD4 (GK1.5) and donor CD45.1
(A20) or host CD45.2 (104) origin. The cells were washed, fixed
with 4% paraformaldehyde and stained with anti-IFN-v in 0.1%
Saponin. Cells were analysed by flow cytometry.

Statistical Analyses
Differences between means were assessed using Student’s ¢ test.

Results

Adoptive Transfer of Primed CD4 T Cells Protects against
BCG Challenge

To examine the protective efficacy of vaccine-induced CD4 T cells,
an adoptive transfer model was developed as illustrated in Fig. 1A.
Donor B6.SJL mice were immunised with BCG and boosted 2 mo
later with BCG or Ag85B-TB10.4. Previous experience suggested that
antigen-primed CD4 T cells could be concentrated in the CD45RB"™
subset [18]. Spleen and lymph node cells, enriched for CD4T cells
(Fig. 1B), were depleted of the CD45RB™E" population and the purified
CD45RB®™ CD4 T cells (Fig. 1C) transferred iv. to sub-lethally
irradiated recipients. The day after cell transfer, recipients were
challenged 1.v. with live BCG and the spleen assessed 21 days later for a
reduction in BCG CFU. Since immunity to Mt has been correlated
with a Thl IFN-y response, spleen cell were stimulated # vitro with
Ag85B-TB10.4 antigen and stained for intracellular cytokine (ICC)
IFN-y. Following transfer, allotype-marked CD45.1 donor T cells were
identified in recipients by FACS (Fig. 1D), electronically gated and
examined for ICC IFN-y (Fig. 1E).

The kinetics of the antigen-specific CD4 T cells was studied in
BCG-primed mice that were boosted i vivo with Ag85G-TB10.4.
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Figure 2. Kinetics of the antigen-specific CD4 T cell response in
BCG-immunised mice after a boost with Ag85B-TB10.4. Mice
were killed at selected days following antigen injection and spleen cells
analysed for ICC IFN-y. Results are the net percentage of IFN-y* CD4 T
cells stimulated in the presence of Ag85B-TB10.4 after subtraction of
the response without antigen. The results were pooled from 8
experiments. Each point represents the mean+SD of 3 or 4 mice,
except day 3, n=2.

doi:10.1371/journal.pone.0008272.g002

Fig. 2 shows the percentage of ICC IFN-y" CD4 T cells at various
times after boost. The response reached its maximum by day 7 and
this time point was used for collecting CD4 T cells in subsequent
experiments.

Initially we asked whether CD45RBY CD4 T cells from
donors that were primed with BCG and boosted with BCG could
protect irradiated recipients against a live BCG challenge (Fig. 3A).
Both high (3x10% and low (0.3 x10°%) doses of CD45RB" CD4 T
cells were transferred. Significant protection (p<<0.01) was
transferred with the high dose of primed CD4 T cells but not
the low dose (Fig. 3B). Nor was any protection transferred with a
high dose of unprimed naive CD4 T cells. Donor T cells were also
examined for the number of Ag85B-TB10.4-specific IFN-y" T
cells by ICC staining (Fig. 3C). By necessity the cytokine levels
were measured 3 weeks after bacterial challenge during the
ongoing elimination of the BCG infection. Curiously, the number
of antigen-specific IFN-y* CD4 T cells did not correlate with the
level of protection. To assess the effectiveness of the recombinant
vaccine in the absence of BCG, CD45RB°Y CD4 T cells were
purified from donors immunised with Ag85B-TB10.4 and boosted
with Ag85B-TB10.4 (Fig. 3D). Significant protection was trans-
ferred with both 3x10° — almost a log reduction (p<<0.01) — and
ten-fold fewer (0.3x10%) Ag85B-TB10.4-primed CD4 T cells
(p<<0.05) (Fig. 3E). Numbers of IFN-y* donor CD4 T cells were
highest in those recipients that showed protective immunity,
however, there were also significant numbers of cytokine-
producing cells in mice receiving naive T cells where there was
no immunity (Fig. 3F).

BCG/Ag85B-TB10.4 (Prime/Boost) CD4 T Cells Transfer
Long-Lived Immunity

Since BCG vaccination has been used worldwide, any new
vaccine would need to provide protection in individuals previously
immunised with BCG. Therefore, CD4 T cells were assessed in
BCG-primed mice boosted with Ag85B-TB10.4. CD45RB™"
CD4 T cells were purified from BCG-primed/Ag85B-TB10.4-
boosted donors and transferred to irradiated recipients. In
addition, we wanted to assess whether the antigen-specific T cells
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Figure 3. CD4 T cells specific for BCG or for Ag85B-TB10.4 transfer protective immunity. (A) CD45RB'" CD4 T cells were purified from
donors primed and boosted with BCG (Pr/Boost) and injected (3 x10° or 0.3x10°) into irradiated recipients (B, C). Control recipients received 3x10°
unprimed (Naive) CD4 T cells or no cells (None). (D) CD45RB'Y CD4 T cells were purified from donors primed with Ag85B-TB10.4 and boosted with
Ag85B-TB10.4 and 3x10° or 0.3x10° T cells injected into irradiated recipients. Control recipients received 3x10° unprimed (Naive) CD4 T cells or no
cells (None). All recipients in experiments A and D were challenged i.v. with BCG the day after transfer, killed 3 weeks later and assayed for BCG CFU/
spleen (B, E). Each point represents a single recipient. Donor-derived splenic CD4 T cells stimulated in vitro with Ag85B-TB10.4 were stained for
intracellular cytokine (ICC) IFN-y (C, F). The results were from single experiments. Horizontal bars or histograms + SD are means of 4 recipients/group.

* p<<0.05; ** p<<0.01.
doi:10.1371/journal.pone.0008272.9g003

survived for long periods after transfer as a measure of
immunological memory. Hence, recipient mice were challenged
immediately after transfer (d 1) or after a delay of 2 mo (Fig. 4A, d
56). The results showed that CD4 T cells from BCG primed/
Ag85B-TB10.4 boosted donors (Pr/Boost) transferred significant
protection (p<<0.01) to the BCG challenge administered immedi-
ately after transfer (Fig. 4B). To determine whether immunological

@ PLoS ONE | www.plosone.org

memory persisted, CD45RB™ CD4 T cells from BCG/Ag85B-
TB10.4 (Pr/Boost) donors were injected into irradiated recipients
and the BCG challenge delayed for 8 weeks (Iig. 4A). Recipients
in which the BCG challenge was delayed (Fig. 4B, d 56) remained
protected (p<0.01) confirming the continued survival of CD4 T
cells responsible for immunity. The level of protection was similar
to that in recipients challenged immediately after transfer
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Figure 4. Protective immunity persists for at least 8 weeks following transfer of prime/boost CD4 T cells. (A) CD45RB'®" CD4 T cells
(3x10° from donors primed with BCG and boosted with Ag85B-TB10.4 (Pr/Boost) or 3x10° CD4 T cells from unprimed donors (Naive) or no cells
(None) were transferred to irradiated recipients and challenged with BCG immediately (d 1) or 8 weeks later (d 56) (B, C). Three weeks after challenge
spleen cells were assayed for BCG CFUs (B) and ICC IFN-y* donor CD4 T cells (C). The results are from one experiment. Each point represents a single
recipient. Horizontal bars or histograms + SD are means of 4 recipients/group. ** p<<0.01.

doi:10.1371/journal.pone.0008272.9004

(p<<0.01); there was no significant difference (p>0.2) between
groups challenged on d 1 or d 56 (Fig. 4B). The experiment was
repeated with the same result (data not shown). Despite the long-
lived protection, there were significantly more (p<<0.01) IFN-y
producing CD4 T cells detected in the spleen of recipients
challenged immediately following T cell transfer than in recipients
in which the challenge was delayed (Fig. 4C).

It is known that a lymphopenic environment such as that
induced following irradiation will enhance the survival and
expansion of the donor T cell population [19,20]. Therefore, as
an additional test of transferred immunity, CD45RB"" CD4 T
cells were injected into normal non-irradiated instead of irradiated
hosts. CD4 T cells from BCG/Ag85B-TB10.4 (Pr/Boost) donors
successfully transferred immunity to non-irradiated recipients
although, as expected, the level of protection was lower (log
CFU/spleen: Pr/Boost, 3.59%0.02; No cells, 3.88*0.11; p<<0.05).

Persisting Antigen Enhances Protection

The role of residual antigen in maintaining immunological
memory remains controversial. We explored the influence of
antigen in the adoptive transfer model and asked whether
protective immunity was prolonged or shortened by the presence
of persisting antigen. To generate a source of residual antigen,
recipient mice were pre-injected (Fig. 5A; d -28) with either BCG
or Ag85B-TB10.4 and irradiated 4 weeks later, immediately prior
to cell transfer. Irradiation destroys the host’s own immune
response leaving behind a potential source of residual antigen. The
object was to compare Ag85B-TB10.4, a non-viable antigen, with
live BCG as a source of persisting antigen. As in the previous
experiment recipient mice received BCG/Ag85B-TB10.4 (Pr/
Boost) CD45RB™ CD4 T cells (Fig. 5B, solid symbols) and the
BCG challenge was delayed, in this case, for one month (Fig. 5A, d
28). A control group containing residual BCG (i.e. injected with
BCG and irradiated 4 weeks later) received naive instead of
primed CD4 T cells (Fig. 5B, open symbols). The protection in
recipients with persisting antigen, both BCG and Ag85B-TB10.4,
was significantly increased (p<<0.01) compared with that seen in
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antigen-free recipients or in recipients that received naive CD4 T
cells (Fig. 5B). A second experiment in which BCG was the source
of persisting antigen gave a similar result (data not shown). These
observations suggested that persisting antigen augmented the
protective immunity transferred by Mtb-specific CD4 T cells.

Discussion

The development of a new vaccine to supplement or replace
BCG 1is an international priority. To make the investigation of
vaccine-induced immunological memory to TB more accessible, we
wanted to establish an animal model suitable for laboratories
without class III (P3) containment facilities. Hence, we opted to
challenge recipients with live BCG rather than M. Aside from the
clear difference in virulence, Mth and BCG are very similar — both
are intracellular pathogens controlled predominantly by CD4 T
cells. In the more advanced stages of infection, Mt appears to
induce a subset of CD8 T cells not seen after BCG vaccination [21],
but the role of these CD8 T cells in protection has never been
formally demonstrated. In the first stages of infection (the focus of
the present study), it is clear that both BCG and M) are controlled
by CD4 T cells. Furthermore, the new recombinant vaccine Ag85B-
TB10.4 used in the present investigation expresses two immuno-
dominant antigens common to both BCG and M. This vaccine
has been shown to induce protective immunity in mice infected with
Mtb [11]. Hence, BCG should serve at this stage as a reliable
surrogate for Mth challenge.

Previous studies established that antigen-specific CD4 T cells
become concentrated in a small subset of CD4 T cells identified by
a surface phenotype linked with antigen-priming, namely
CD45RB"Y CD44™" CD62LY [22,23]. This subset represents
<10% of the CD4 T cell population and may be routinely purified
for adoptive transfer [18,24]. An allotype marker was used to allow
identification of donor T cells in recipients several months after
transfer to irradiated recipients. Following sub-lethal irradiation
the lymphocyte population of the host becomes temporarily
destroyed, creating a lymphopenic environment and initiating
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Figure 5. Persisting antigen enhances protection. (A) To establish
a potential source of residual antigen (Ag) mice were injected with BCG
or Ag85B-TB10.4, 4 weeks (d -28) before irradiation and cell transfer.
Control recipients received no source of residual Ag (None) and were
irradiated 1 day before cell transfer. CD45RB"" CD4 T cells (3 x10°) from
BCG primed/Ag85B-TB10.4 boosted donors (Pr/Boost, solid symbols) or
unprimed CD4 T cells (Naive, open symbols) were transferred into
recipients after irradiation on d 0. All recipients were challenged with
BCG 4 weeks later (d 28). (B) Three weeks after challenge spleen cells
were assayed for BCG CFUs. Each point represents a single recipient.
Horizontal bars are means of 4 recipients/group. ** p<<0.01.
doi:10.1371/journal.pone.0008272.9005

homeostatic proliferation [19,25] that encourages donor cell
engraftment.

Protective immunity to BCG challenge was successfully
transferred with CD45RB'Y CD4 T cells from BCG/BCG and
BCG/Ag85B-TB10.4, prime/boost donors. The number of CFU/
spleen was consistently reduced by approximately a half-log. The
same number of CD4 T cells (3x10°% from donors that were
immunised exclusively with Ag85B-TB10.4 (primed and boosted
with Ag85B-TB10.4), transferred a greater level of protective
immunity (~1-log reduction in CFU). Furthermore, significant
protection was also transferred by one-tenth this number (0.3 x10°)
of the CD4 T cells.

The apparent difference in protection using T cells from mice
immunised with BCG or solely with Ag85B-TB10.4 was
unexpected and suggests there could be quantitative differences
in the number of antigen-specific T cells transferred and/or
qualitative differences. A recent study from our laboratory
analysing CD44"" CD4 T cells from C57BL/6 mice immunized
with BCG was compared with those from mice immunised with a
subunit vaccine (Ag85B-ESAT-6) [13]. The latter is very similar to
the one used here; both recombinant vaccines were combined with
the same CAFOl adjuvant. In mice immunised with Ag85B-
ESAT-6 compared with BCG there were significant differences in
the type of multifunctional T cells (i.e. those producing more than
one of the cytokines IFN-y/IL-2/TNFo) present in mice
immunised more than 10 months earlier. CD4 T cells from these
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mice (analogous to Ag85B-TB10.4/Ag85B-TB10.4 prime/boost
T cells used here) were predominantly of the triple- (~60%) and
double-producing IL-2"/TNFo" type (~25%) with negligible
levels of single IFN-y-producing T cells. In contrast, T cells from
mice immunised with BCG and stimulated with the BCG extract
PPD (purified protein derivative) (T cells similar to that from
BCG/BCG prime/boost donors used here) had far fewer triple-
producing T cells (~35%), a different type of double-producing
(~35% INF-y*/TNFo") and likewise few single IFN-y-producing
T cells (~3%). Triple-producing multifunctional T cells have been
shown to correlate better with protective immunity than single-
producing T cells in several disease models [26-28]. It remains to
be confirmed whether such a difference in quality of CD4 memory
T cells could explain the differences in levels of protection
observed in mice immunised with BCG or solely with Ag85B-
TB10.4.

Modest but significant levels of immunity (p<<0.05) were also
transferred to normal non-irradiated recipients. The lower level of
immunity was expected since the donor T cells would compete less
well for survival against the dominant i situ host population
[29,30]. Antigen-primed CD4 T cells not only provided
immediate protection, but also conferred immunity in recipients
challenged months after cell transfer — a measure of immunolog-
ical memory. Finally, the investigation showed that persisting
antigen, viable and inert, enhanced the protective immunity
transferred by Mtb-specific CD4 T cells.

The CD45RB'Y CD62L'* CD4 T cells used here to transfer
immunity are frequently described as both “memory” cells
responsible for long-lasting immunity and confusingly, “effector”
cells — cytokine-producing terminally differentiated lymphocytes
[31]. Paradoxically, the CD45RB"" subset is known to be short-
lived [22,32-34]. It is also known that CD45RB"Y CD4 T cells
may return to a resting “naive” phenotype (CD45RB™¢"
CD62L™#" in the absence of stimulation [33-36], a resting T
cell with a long lifespan [22,32-34]. It was critical, therefore, to
show that the Mtbh-specific CD4 T’ cells survived and were not
simply short-lived effector cells. Hence, Mtb-specific T cells were
“parked” in recipients in the absence of antigen for 2 mo before
BCG challenge. The mice remained protected showing that the
Mitb-specific population survived. Based on other studies many of
the transferred T cells would have re-expressed the CD45RB"s"
molecule associated with a long-lived quiescent state [18,37-39]. It
was argued elsewhere [15] that immunological memory accrues
from the initial clonal expansion, the legacy of which is a high
frequency of long-lived antigen-specific T' cells. This concept was
strongly supported by experiments showing that protective
immunity to Mth was adoptively transferred with CD45RB™s"
CD44"°Y CD62L"" CD4 T cells (i.e. a naive phenotype) from
donors immunised to Mt from which the mycobacterium had
been destroyed months before [37].

In the present experiments, the number of IFN-y* Ag85B-
TB10.4-specific CD4 T cells was poorly correlated with
protection; the levels were at best a crude predictor of transferred
immunity. Other groups also reported that ELISPOT and ICC
values for IFN-y had a poor correlation with protection [40—43].
The reasons for this are not entirely clear. One possibility is that
the traditional ICC and ELISPOT assays may not be identifying
all antigen-specific T cells responsible for memory. The studies by
Mohrs et al [44] indicate that in order for CD4 T cells to synthesise
and release cytokines (effector T cells), “2-hits” with specific
antigen are required — the first to generate cytokine message, the
second to initiate synthesis of the cytokine protein. These 2 antigen
encounters are likely to be separated in time and in tissue location.
Hence, naive T cells primed in lymph nodes will only synthesise
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cytokines when they re-encounter antigen, for example, at the site
of infection. The current assays, which stimulate T cells i vitro
(2nd hit), will only induce cytokine production in those T cells that
have already been primed. Importantly, many of the CD4 T cells
initially primed following immunisation may fail to find antigen a
second time and may therefore return to a resting state. A change
from CD45RB™ to CD45RB"=" following transfer was con-
firmed in the present study (unpublished observations; DD, EBB).
Such cells become phenotypically and functionally indistinguish-
able from naive T cells [35,39]. This memory population would
not be detected by current i wvitro assays. Furthermore, as
mentioned earlier, multifunctional CD4 T cells appear to be
more reliable indicators of protective immunity than assays that
screen for IFN-y alone [26-28].

The role of persisting antigen in maintaining CD4 T cell
memory remains a contentious issue [16,45,46]. Evidence
supporting a vital role for residual antigen continues to accumulate
[47-50]. The numbers of successful live vaccines that provide
long-lasting protection (e.g. smallpox, measles, mumps, rubella,
polio and others) is also consistent with a role for persisting
antigen. The present studies explored two different types of
residual antigen — a live source that could replicate (BCG) or an
inert protein that could only decline with time (Ag85B-TB10.4).
Both types of residual antigen were equally effective in enhancing
protective immunity. We can only surmise that relevant epitopes
from both the viable and non-viable sources were available to Mtb-
specific CD4 T cells i vivo. In addition, given that the size of the

References
1. Andersen P, Doherty TM (2005) The success and failure of BCG - implications

for a novel tuberculosis vaccine. Nat Rev Microbiol 3: 656-662.

2. Colditz GA, Berkey CS, Mosteller F, Brewer TT, Wilson ME, et al. (1995) The efficacy
of bacillus Calmette-Guerin vaccination of newborns and infants in the prevention of
tuberculosis: meta-analyses of the published literature. Pediatrics 96: 29-35.

3. Aronson NE, Santosham M, Comstock GW, Howard RS, Moulton LH, et al.
(2004) Long-term efficacy of BCG vaccine in American Indians and Alaska
Natives: A 60-year follow-up study. Jama 291: 2086-2091.

4. Andersen P (2007) Tuberculosis vaccines - an update. Nat Rev Microbiol 5:
484-487.

5. Kamath AT, Fruth U, Brennan MJ, Dobbelaer R, Hubrechts P, et al. (2005)
New live mycobacterial vaccines: the Geneva consensus on essential steps
towards clinical development. Vaccine 23: 3753-3761.

6. McShane H, Pathan AA, Sander CR, Keating SM, Gilbert SC, et al. (2004)
Recombinant modified vaccinia virus Ankara expressing antigen 85A boosts
BCG-primed and naturally acquired antimycobacterial immunity in humans.
Nat Med 10: 1240-1244.

7. Brandt L, Feino Cunha J, Weinreich Olsen A, Chilima B, Hirsch P, et al. (2002)
Failure of the Mycobacterium bovis BCG vaccine: some species of environ-
mental mycobacteria block multiplication of BCG and induction of protective
immunity to tuberculosis. Infect Immun 70: 672-678.

8. Leung CC, Tam CM, Chan SL, Chan-Yeung M, Chan CK, et al. (2001)
Efficacy of the BCG revaccination programme in a cohort given BCG
vaccination at birth in Hong Kong. Int J Tuberc Lung Dis 5: 717-723.

9. Skjot RL, Brock I, Arend SM, Munk ME, Theisen M, et al. (2002) Epitope
mapping of the immunodominant antigen TB10.4 and the two homologous
proteins TB10.3 and TB12.9, which constitute a subfamily of the esat-6 gene
family. Infect Immun 70: 5446-5453.

10. Skjot RL, Oettinger T, Rosenkrands I, Ravn P, Brock I, et al. (2000)
Comparative evaluation of low-molecular-mass proteins from Mycobacterium
tuberculosis identifies members of the ESAT-6 family as immunodominant T-
cell antigens. Infect Immun 68: 214-220.

11. Dietrich J, Aagaard C, Leah R, Olsen AW, Stryhn A, et al. (2005) Exchanging
ESAT6 with TB10.4 in an Ag85B fusion molecule-based tuberculosis subunit
vaccine: efficient protection and ESATG6-based sensitive monitoring of vaccine
efficacy. J Immunol 174: 6332-6339.

12. Davidsen J, Rosenkrands I, Christensen D, Vangala A, Kirby D, et al. (2005)
Characterization of cationic liposomes based on dimethyldioctadecylammonium
and synthetic cord factor from M. tuberculosis (trchalose 6,6'-dibehenate)-a
novel adjuvant inducing both strong CMI and antibody responses. Biochim
Biophys Acta 1718: 22-31.

13. Lindenstrom T, Agger EM, Korsholm KS, Darrah PA, Aagaard C, et al. (2009)
Tuberculosis subunit vaccination provides long-term protective immunity
characterized by multifunctional CD4 memory T cells. J Immunol 182:
8047-8055.

@ PLoS ONE | www.plosone.org

CD4 T Cells Transfer Immunity

memory response appears to be determined by the number of
antigen-specific T cells [24], the amount of antigen presented was
probably not the limiting factor. The enhancing effect of live BCG
was consistent with earlier work. Fifty years ago it was reported
that live but not killed BCG induced lasting protective immunity
[51]. More recently, Olsen et al. [52] found that immunity
measured in the spleen declined in BCG-immunised mice when
the microorganism was cleared by antibiotic therapy. The
augmented protection associated with residual recombinant
vaccine was more surprising and implies a significant retention
of specific antigenic epitopes, in all probability related to the
delivery vehicle. Whether or not a non-viable vaccine will
maintain memory may, therefore, depend on the nature of the
adjuvant. Recent evidence indicates that the cationic liposome
adjuvant DDA/TDB, used here, persists for an extended period at
the injection site (D. Christensen, personal communication) and
maintains immunological memory very eflectively [13]. The
success of non-viable vaccines may ultimately hinge on advances
made in developing new delivery systems that are safe for use in
humans and that release antigen slowly from a depot.

Author Contributions

Conceived and designed the experiments: DD JW EBB. Performed the
experiments: DD AD. Analyzed the data: DD AD PA EBB. Contributed
reagents/materials/analysis tools: EMA PA. Wrote the paper: EBB.
Advised writing of the paper: DD EMA PA JW.

14. Gray D, Matzinger P (1991) T cell memory is short-lived in the absence of
antigen. J Exp Med 174: 969-974.

15. Bell EB, Westermann J (2008) CD4 memory T cells on trial: immunological
memory without a memory T cell. Trends Immunol 29: 405-411.

16. Gray D (2002) A role for antigen in the maintenance of immunological memory.
Nat Rev Immunol 2: 60-65.

17. Christensen D, Foged C, Rosenkrands I, Nielsen HM, Andersen P, et al. (2007)
Trehalose preserves DDA/TDB liposomes and their adjuvant effect during
freeze-drying. Biochim Biophys Acta 1768: 2120-2129.

18. Bunce C, Bell EB (1997) CD45RC isoforms define two types of CD4 memory T
cells, one of which depends on persisting antigen. J Exp Med 185: 767-776.

19. Bell EB, Sparshott SM, Drayson MT, Ford WL (1987) The stable and
permanent expansion of functional T lymphocytes in athymic nude rats after a
single injection of mature T cells. ] Immunol 139: 1379-1384.

20. Goldrath AW, Bevan MJ (1999) Selecting and maintaining a diverse T-cell
repertoire. Nature 402: 255-262.

21. Billeskov R, Vingsbo-Lundberg C, Andersen P, Dietrich J (2007) Induction of
CD8 T cells against a novel epitope in TB10.4: correlation with mycobacterial
virulence and the presence of a functional region of difference-1. ] Immunol 179:
3973-3981.

22. Tough DF, Sprent J (1994) Turnover of naive- and memory-phenotype T cells.
J Exp Med 179: 1127-1135.

23. Yang CP, Sparshott SM, Duffy D, Garside P, Bell EB (2006) The phenotype and
survival of antigen-stimulated transgenic CD4 T cells in vivo: the influence of
persisting antigen. Int Immunol 18: 515-523.

24. Dufly D, Yang CP, Heath A, Garside P, Bell EB (2006) Naive T-cell receptor
transgenic T cells help memory B cells produce antibody. Immunology 119: 376-384.

25. Surh CD, Boyman O, Purton JF, Sprent J (2006) Homeostasis of memory T
cells. Immunol Rev 211: 154-163.

26. Beveridge NE, Price DA, Casazza JP, Pathan AA, Sander CR, et al. (2007)
Immunisation with BCG and recombinant MVA85A induces long-lasting,
polyfunctional Mycobacterium tuberculosis-specific CD4+ memory T lympho-
cyte populations. Eur J Immunol 37: 3089-3100.

27. Darrah PA, Patel DT, De Luca PM, Lindsay RW, Davey DF, et al. (2007)
Multifunctional TH1 cells define a correlate of vaccine-mediated protection
against Leishmania major. Nat Med 13: 843-850.

28. Kannanganat S, Ibegbu C, Chennareddi L, Robinson HL, Amara RR (2007)
Multiple-cytokine-producing antiviral CD4 T cells are functionally superior to
single-cytokine-producing cells. J Virol 81: 8468-8476.

29. Kondrack RM, Harbertson J, Tan JT, McBreen ME, Surh CD, et al. (2003)
Interleukin 7 regulates the survival and generation of memory CD4 cells. J Exp
Med 198: 1797-1806.

30. Tan JT, Dudl E, LeRoy E, Murray R, Sprent J, et al. (2001) IL-7 is critical for
homeostatic proliferation and survival of naive T cells. Proc Natl Acad Sci U S A

98: 8732-8737.

December 2009 | Volume 4 | Issue 12 | 8272



31.

32.

36.

37.

40.

41.

Hayashi N, Liu D, Min B, Ben-Sasson SZ, Paul WE (2002) Antigen challenge
leads to in vivo activation and elimination of highly polarized TH1 memory T
cells. Proc Natl Acad Sci U S A 99: 6187-6191.

Macallan DC, Wallace D, Zhang Y, De Lara C, Worth AT, et al. (2004) Rapid
turnover of effector-memory CD4(+) T cells in healthy humans. ] Exp Med 200:
255-260.

. Michie CA, McLean A, Alcock C, Beverley PC (1992) Lifespan of human

lymphocyte subsets defined by CD45 isoforms. Nature 360: 264-265.
Sparshott SM, Bell EB (1994) Membrane CD45R isoform exchange on CD4 T
cells is rapid, frequent and dynamic in vivo. Eur J Immunol 24: 2573-2578.

. Bell EB, Sparshott SM (1990) Interconversion of CD45R subsets of CD4 T cells

in vivo. Nature 348: 163-166.

Hayden KA, Tough DF, Webb SR (1996) In vivo response of mature T cells to
Misa antigens. Long term progeny of dividing cells include cells with a naive
phenotype. J Immunol 156: 48-55.

Andersen P, Smedegaard B (2000) CD4(+) T-cell subsets that mediate
immunological memory to Mycobacterium tuberculosis infection in mice. Infect

Immun 68: 621-629.

. Bell EB, Hayes S, McDonagh M, Bunce C, Yang C, et al. (2001) Both

CD45R(low) and CD45R (high) “revertant” CD4 memory T cells provide help
for memory B cells. Eur J Immunol 31: 1685-1695.

Sarawar SR, Sparshott SM, Sutton P, Yang CP, Hutchinson IV, et al. (1993)
Rapid re-expression of CD45RC on rat CD4 T cells in vitro correlates with a
change in function. Eur J Immunol 23: 103-109.

Hoft DF, Worku S, Kampmann B, Whalen CC, Ellner JJ, et al. (2002)
Investigation of the relationships between immune-mediated inhibition of
mycobacterial growth and other potential surrogate markers of protective
Mycobacterium tuberculosis immunity. J Infect Dis 186: 1448-1457.
Millington KA, Innes JA, Hackforth S, Hinks TS, Decks JJ, et al. (2007)
Dynamic relationship between IFN-gamma and IL-2 profile of Mycobacterium
tuberculosis-specific T cells and antigen load. J Immunol 178: 5217-5226.

@ PLoS ONE | www.plosone.org

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

CD4 T Cells Transfer Immunity

Mittrucker HW, Steinhoff U, Kohler A, Krause M, Lazar D, et al. (2007) Poor
correlation between BCG vaccination-induced T cell responses and protection
against tuberculosis. Proc Natl Acad Sci U S A 104: 12434-12439.

Mustafa AS, Shaban FA, Abal AT, Al-Attiyah R, Wiker HG, et al. (2000)
Identification and HLA restriction of naturally derived Thl-cell epitopes from
the secreted Mycobacterium tuberculosis antigen 85B recognized by antigen-
specific human CD4(+) T-cell lines. Infect Immun 68: 3933-3940.

Mohrs K, Wakil AE, Killeen N, Locksley RM, Mohrs M (2005) A two-step
process for cytokine production revealed by IL-4 dual-reporter mice. Immunity
23: 419-429.

. Maruyama M, Lam KP, Rajewsky K (2000) Memory B-cell persistence is

independent of persisting immunizing antigen. Nature 407: 636-642.

Swain SL (2000) CD4 T-cell memory can persist in the absence of class II. Philos
Trans R Soc Lond B Biol Sci 355: 407-411.

Fazilleau N, Eisenbraun MD, Malherbe L, Ebright JN, Pogue-Caley RR, et al.
(2007) Lymphoid reservoirs of antigen-specific memory T helper cells. Nat
Immunol 8: 753-761.

Jelley-Gibbs DM, Brown DM, Dibble JP, Haynes L, Eaton SM, et al. (2005)
Unexpected prolonged presentation of influenza antigens promotes CD4 T cell
memory generation. J Exp Med 202: 697-706.

Robertson JM, MacLeod M, Marsden VS, Kappler JW, Marrack P (2006) Not
all CD4+ memory T cells are long lived. Immunol Rev 211: 49-57.
Zinkernagel RM, Hengartner H (2006) Protective ‘immunity’ by pre-existent
neutralizing antibody titers and preactivated T cells but not by so-called
‘immunological memory’. Immunol Rev 211: 310-319.

Toyohara M, Kudoh S, Obayashi Y (1959) Studies on the effect of isoniazid
upon the antituberculous immunity induced by BCG vaccination. Tubercle 40:
184-191.

Olsen AW, Brandt L, Agger EM, van Pinxteren LA, Andersen P (2004) The
influence of remaining live BCG organisms in vaccinated mice on the
maintenance of immunity to tuberculosis. Scand J Immunol 60: 273-277.

December 2009 | Volume 4 | Issue 12 | 8272



