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The bacillus Calmette-Guerin (BCG) strain of Mycobacterium bovis is used in many parts of the world as a
vaccine against Mycobacterium tuberculosis. Some epidemiological evidence has suggested that BCG immuni-
zation may have unpredicted effects on resistance to other pathogens. We show here in a mouse model that
BCG immunization followed by antibiotic treatment to clear the host of the pathogen rendered three strains
of mice partially resistant to infection with vaccinia virus (VV) but not to lymphocytic choriomeningitis virus
(LCMY). VV-challenged BCG-immune mice developed a striking splenomegaly and elevated CD4 and CD8
T-cell responses by 6 days postinfection (p.i.). However, resistance to VV infection could be seen as early as 1
to 2 days p.i. and was lost after antibody depletion of CD4 T-cell populations. BCG- but not LCMV-immune
memory phenotype CD4 T cells preferentially produced gamma interferon (IFN-y) in vivo after VV challenge.
In contrast, LCMV-immune CD8 T cells preferentially produced IFN-vy in vivo in response to VV infection. In
BCG-immune mice the resistance to VV infection and VV-induced CD4 T-cell IFN-y production were ablated
by cyclosporine A, which inhibits signaling through the T-cell receptor. This study therefore demonstrates CD4
T-cell-mediated heterologous immunity between a bacterium and virus. Further, it poses the question of

whether BCG immunization of humans alters resistance to unrelated pathogens.

The immune system is molded by histories of infections, and
prior exposure to one pathogen may influence resistance to a
second unrelated pathogen. Congenitally infected lymphocytic
choriomeningitis virus (LCMV) carrier mice lack T-cell re-
sponses to LCMV but resist infections by a wide variety of
viruses, perhaps due to chronic production of low levels of type
1 interferon (IFN) (7). Hosts acutely infected with many vi-
ruses can generate very high levels of type 1 IFN that provide
strong resistance to superinfection (54). Mice latently infected
with murine cytomegalovirus (MCMYV) or mouse gammaher-
pesvirus chronically reactivate these viruses, whose antigens
stimulate IFN-vy production by memory T cells; this response
provides resistance to Listeria monocytogenes and Yersinia pes-
tis, which grow poorly in IFN-y-activated macrophages (4).

One does not, however, need ongoing infections like the
above to provide resistance to newly encountered pathogens.
In a phenomenon known as heterologous immunity, the im-
mune memory lymphocyte repertoire created in response to
one pathogen may influence the immune response to another
unrelated pathogen, particularly if antigens from the second
pathogen can cross-reactively stimulate the memory pool (55).
The degenerative nature of T-cell recognition, where an anti-
genic peptide is presented in the context of a major histocom-
patibility complex (MHC) molecule (45), and where the T-cell
receptor (TCR) undergoes conformational shifts to recognize
a peptide/MHC complex (5), enhances the probability of cross-
reactivity between unrelated pathogens. Indeed, cross-reactive
CD8 T cells have been reported between the antigens of in-
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fluenza virus and Epstein-Barr virus (EBV) (11), hepatitis C
virus (HCV) (52), and human immunodeficiency virus (2),
between human immunodeficiency virus and Mycobacterium
tuberculosis (17,32), between human coronavirus and papilloma-
virus (32), and between a variety of viruses in murine model
systems (6, 21, 55).

Heterologous immunity studies in mouse models of viral
infections have revealed complex patterns of CD8 T-cell cross-
reactivities, influenced in part by the private specificities of the
TCR repertoire of individual hosts (21). The consequence of
this cross-reactivity can be either protective immunity or al-
tered immunopathology, usually involving a more dramatic
infiltrate of CD8 T cells into infected areas (9, 10, 42). For
example, LCMV-immune mice clear vaccinia virus (VV) more
rapidly than do immunologically naive mice, yet the immune
mice have more dramatic immunopathology, presenting as
bronchiolitis obliterans in the lung and severe panniculitis in
the peritoneal cavity (10, 42, 58). In humans, severe CD8 T-cell
responses during EBV-induced mononucleosis (11), HCV-in-
duced hepatitis (48), and dengue virus-induced hemorrhagic
fever (28) have all been proposed as examples of the conse-
quences of cross-reactive CD8 T-cell-mediated heterologous
immunity. Examples of heterologous immunity in humans may
be easier to recognize when its consequences are harmful but
may be more difficult to recognize when its consequences are
beneficial, as little attention is paid to mild or subclinical viral
infections.

Heterologous immunity does not necessarily need to be
mediated by cross-reactive T cells, as cross-reactive antibody
responses might likewise alter immune responses. Further,
some have argued that memory T cells can sometimes be
activated by cytokines such as interleukin-12 (IL-12) and
IL-18 independently of TCR signaling (15, 35), and the
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significance of that mechanism in heterologous immunity
needs to be determined.

An important question is how histories of exposures to
pathogen-specific vaccines have influenced the outcome of in-
fections with other pathogens. Two human diseases that have
affected millions are tuberculosis and smallpox, and millions of
individuals have also been vaccinated against those diseases.
Vaccination against M. fuberculosis uses a closely related but
less virulent strain of Mycobacterium bovis, referred to as ba-
cillus Calmette-Guerin (BCG) (33). Several early reports indi-
cated that a recent exposure of mice to BCG or to M. tuber-
culosis rendered them more resistant to infection to a variety
of bacteria and to ectromelia virus (16, 40, 44), the mouse form
of smallpox, and to VV (3, 56), which is used for vaccination of
humans against smallpox. An unspecified IFN was suggested to
be involved in the protection against ectromelia virus (40, 44).
Given the importance of these vaccines and pathogens, we
have examined the mechanism of this protection, using mod-
ern immunological approaches. We show here evidence for a
CD4 T-cell-mediated heterologous immunity between a myco-
bacterium (BCG) and a virus, VV.

MATERIALS AND METHODS

Mice. Six- to 8-week-old female C57BL/6 (B6) mice (H2”) were purchased
from Taconic Farms (Hudson, NY), Jackson Laboratories (Bar Harbor, ME), or
Charles River Breeding Laboratories (Wilmington, MA). Six- to 8-week-old
female C57BL/10SNJ (B10) (H2°) and B10.D2-Hcl (B10.D2) (H2%) H2-T18c/
nSnJ mice were also purchased from Jackson Laboratories. All experiments were
done in compliance with institutional guidelines as approved by the Institutional
Animal Care and Use Committee of the University of Massachusetts Medical
School.

Pathogens. VV strain WR was propagated in NCTC 929 cells and purified
over sucrose gradients (42). LCMV Armstrong strain clone 13 was propagated in
BHK21 baby hamster kidney cells, and MCMYV Smith strain was propagated in
vivo in salivary glands of BALB/c mice (42). VV and LCMV PFU for individual
mice were determined by plaque assay of 10% tissue homogenates titrated on
Vero cell monolayers. Titers are expressed as geometric mean titers, that is, the
arithmetic average of the log,, PFU per whole spleen, liver, or both abdominal
fat pads plus or minus the standard deviation (SD). Live attenuated M. bovis
BCG Pasteur strain was propagated in 7H9 broth supplemented with 10% oleic
acid-albumin—dextrose—catalase (Difco, Becton Dickinson, Sparks, MD), 0.2%
glycerol, and 0.05% Tween 80. BCG stocks for immunization were prepared
from mid-log-phase cultures that were washed with phosphate-buffered saline
(PBS) containing 0.05% Tween 80. BCG CFU were determined by plating
10-fold dilutions on Middlebrook 7H11 agar (Difco). Vesicular stomatitis virus
strain Indiana was used as a challenge virus in IFN assays (53).

Immunization and infection of mice. For BCG vaccination, mice received 5 X
10° CFU of BCG in PBS containing 0.05% Tween 80 by subcutaneous injection
at the base of the tail. Controls were injected with PBS-Tween alone. After 3
weeks, the BCG-immunized and control mice were treated with the antibiotics
isoniazid (200 mg/ml) plus rifampin (100 mg/ml) for 10 to 15 days in drinking
water, in order to clear any residual BCG from the hosts (26). Four weeks or
longer after immunization, mice were inoculated intraperitoneally (i.p.) with 1 X
10° PFU VV, 1 X 10° PFU LCMV, or 2 X 10° PFU of MCMV.

Isolation of leukocytes. Leukocytes were isolated from the spleen, peritoneal
cavity, and abdominal fat pads of immunized and virus-challenged infected mice,
as described previously (42). The infiltrating leukocytes were isolated from the
fat pads by mincing and digesting abdominal fat pads with 0.5 mg/ml type 11
collagenase (Sigma-Aldrich, St. Louis, MO) and 100 U/ml type I DNase (Sigma-
Aldrich) in Hanks balanced salt solution buffer plus 10% heat-inactivated fetal
calf serum for 45 min at 37°C. Erythrocytes were removed from cell populations
by a brief treatment with 0.87% NH,CI and analyzed.

Synthetic peptides. Several previously defined CDS8 T-cell epitopes encoded by
VV were used in this study (12, 30). These included K’-restricted epitopes from
B8R protein, positions 20 to 27 (TSYKFESV), A11R protein, positions 198 to
206 (AIVNYANL), E7R protein, positions 130 to 137 (STLNFNNL), and A47L
protein, positions 138 to 146 (AAFEFINSL). One D’- restricted epitope in the
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K3L protein, positions 6 to 15 (YSLPNAGDVI), was also used. Several recently
defined CD4 T-cell epitopes encoded by VV were also used (29). These included
the I4% restricted epitopes from A18R protein, positions 49 to 63 (PKGFYASP
SVKTSLV), A20R protein, positions 233 to 247 (DNIFIPSVITKSGKK), D13L
protein, positions 486 to 500 (PKIFFRPTTITANVS), E9L protein, positions 179
to 193 (PSVFINPISHTSYCY), F15L protein, positions 55 to 69 (TPRYIPSTS
ISSSNI), H3L protein, positions 272 to 286 (PGVMYAFTTPLISFF), I1L pro-
tein, positions 7 to 21 (QLVFNSISARALKAY), and L4R protein, positions 176
to 190 (ISKYAGINILNVYSP).

In vivo depletions. Mice were depleted of CD4 or CD8 T cells prior to
infection at days —5 and —1. To deplete CD4 T cells, mice were injected with 100
pg of the monoclonal antibody (MAb) GK1.5 (anti-CD4) i.p. (57). To deplete
CD8 T cells mice were injected with 50 g of the MAb 2.43 (anti-CD8«) i.p. (41).
Control mice were injected with a nondepleting immunoglobulin G2b isotype i.p.
at the same time points (BioExpress, Lebanon, NH).

CsA. To inhibit TCR signaling, mice were injected i.p. with cyclosporine A
(CsA; Sigma-Aldrich, St. Louis, MO) diluted in olive oil (Sigma-Aldrich) at a
dose of 40 mg/kg at days 0 and 1 of VV infection (19).

Intracellular IFN-y staining. Cytokine-producing T cells were detected using
the Cytofix/Cytoperm Plus kit with GolgiPlug (BD Biosciences, Mountain View,
CA), as previously described (34, 50). A total of 2 X 10° mouse leukocytes from
spleen, peritoneal exudate cells (PEC), or fat pads were incubated in 96-well
microtiter plates for 5 h at 37°C with 1 uM synthetic peptides or 0.1 pg/ml
anti-CD3 antibody, 10 U/ml human recombinant IL-2 (BD Biosciences), and 0.2
wl of GolgiPlug. Cells were then washed in fluorescence-activated cell sorting
buffer (Hanks balanced salt solution, 2% fetal calf serum, and 0.1% NaN3;),
blocked with anti-Fc (2.4G2), and incubated for 30 min at 4°C with a combina-
tion of fluorescently labeled MAbs specific for CD8, CD4, CD44, CD62L, CD69,
CDl11¢, CD11b, CD25, CD3, and CD19 (BD Biosciences). Subsequent fixation
and permeabilization of the cells was performed to allow intracellular access of
MAD to IFN-y (BD Biosciences). Freshly stained samples were analyzed either
on an LSR II or FACSCalibur cytometer (BD Biosciences) and analyzed with
either FlowJo (TreeStar) or CellQuest software (BD Biosciences).

In vivo cytokine staining. Brefeldin A (BFA; catalog number B-6542; Sigma-
Aldrich) was diluted to 20 mg/ml in sterile dimethyl sulfoxide and further diluted
in PBS to 0.5 mg/ml. Mice were injected with 250 wg BFA intravenously in 500
wl, and 6 hours later spleen, PEC, and fat pad leukocytes were harvested and
stained for intracellular cytokines without an in vitro stimulation with peptide or
anti-CD3. With this assay the cytokine staining reflects cytokine production in
vivo, rather than in vitro (24).

Type 1 IFN bioassay. Dilutions (10%) of organ homogenates or peritoneal
fluids were tested for IFN using a bioassay on L-929 cells. Briefly, L-929 cell
monolayers in 96-well flat-bottom microtiter plates were exposed to twofold
dilutions of sample for 24 h, challenged with vesicular stomatitis virus, and tested
1 day later for inhibition of cytopathic effect, as described previously (53).

Neutralizing antibody assay. Serum was obtained from peripheral blood of
BCG-immunized and control immune mice. The serum was heat inactivated at
56°C for 30 min, and then 1:10 serial dilutions were made across a 96-well plate
in triplicate. A known amount of VV was added across the top row of the plate
and titrated down at 1:10 dilutions. After 40 min of incubation at 37°C, samples
were taken from the wells for plaque assay titration on Vero cell monolayers.

Statistics. Most data are presented as the mean * SD, and P values were
derived using Student’s ¢ test.

RESULTS

Status of the BCG-induced resting memory state. Experi-
ments were designed to test whether immunity to BCG con-
ferred protection against VV infection. In order to distinguish
a resting immune state from an ongoing immune response to a
persistent pathogen, mice infected with BCG for 3 weeks were
initially treated for 10 days with the antibiotics isoniazid and
rifampin, a regimen previously reported to clear BCG infection
in mice (26). However, two of four mice in our study had a very
small number of colony-forming bacilli in their draining ingui-
nal lymph nodes near the site of immunization, with an average
of 1.4 bacilli per lymph node (n = 4). We therefore extended
antibiotic treatment to 15 days in subsequent experiments.
Three weeks after a 15-day course of antibiotics was com-
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TABLE 1. Antigenic phenotype of lymphocytes prior to VV challenge®
Tissue % Cells displaying phenotype
sampled and No. of No. of
immunization  leukocytes  lymphocytes g+ cD8* CD8™" CD8* CD8™" D4+ CD4* CD4™" CD4* CD4™"
group CD44" CD69™" CD62L™" CD44" CD69™" CD62L*  CD25°
Spleen
BCG 135 = 40 94 + 26 56 £0.02 13*=0.01 29=*0.03 056=*=000 96=*0.01 21=*0.01 31*0.02 57=x001 75x0.03 15=0.01
Sham 99 + 6.8 99 +68 56+0.02 14=*0.00 30*0.05 0.63+0.00 96=0.00 21+0.01 30z=0.02 6+0.01 74=*0.03 13 =*0.00
PEC
BCG 41 +5.1 1562 75005 73+0.03 55+0.07 027=*000 86=*007 14=*0.03 34=0.09 0.14=*0.00 73=*0.09 12=0.01
Sham 51+18 23+13 76 +£0.04 69*0.04 57x0.03 0.15+0.00 86=0.07 14+0.03 36=0.06 0.11=0.00 71=*0.06 87=0.01

“ Spleen and PEC leukocytes were harvested from three B6 mice 10 weeks after BCG or sham immunization. Leukocyte counts reflect total counts made using a
hemocytometer. Cells were stained with lymphocyte activation markers and analyzed by flow cytometry. Analysis of lymphocyte markers was based on a lymphocyte
gate. Percentages of subsets under the CD8 or CD4 headings refer to their percentages within the respective CD8 or CD4 population.

pleted, no bacilli were found in whole-spleen homogenates
(n = 2) or cell lysates prepared from half the splenocytes
isolated from the spleen (n = 3). The majority of mice had no
bacteria recovered from their draining lymph nodes, but three
of seven of the mice had a very small number of bacilli in their
draining lymph nodes, with an overall average of 1.7 bacilli per
lymph node (n = 7).

To determine whether this extremely small number of resid-
ual bacteria was activating the immune system, BCG-immune
and sham-immune mice, all treated with antibiotics, were ex-
amined for indicators of immune system activation. Although
there seemed to be some variability in BCG-immune spleen
size, there were no statistically significant differences in leuko-
cyte numbers between BCG- and sham-immunized mice when
tested at 8, 10 (Table 1), and 35 weeks postimmunization. Flow
cytometric analysis of lymphocyte-gated samples at weeks 10
(Table 1) and 35 (not shown) showed no evidence of any state
of T-cell activation, such as heightened expression of CD69 or
reduced expression of CD62L. Expression of the memory T-

cell marker CD44 was similar in both sets of mice. Expression
of CD25 on CD4 T cells was comparable in both sets of mice
(Table 1) and hardly any was expressed on CD8 T cells (not
shown). No significant differences in the number of dendritic
cells, as measured by staining with antibody to CD11c and
CD11b, NK cells, as measured by antibody to NK1.17, or
granulocytes, as measured by antibody to GR-1, were found
(data not shown). This indicates that these BCG-immune hosts
were in a resting immune state without an overt ongoing im-
mune response. This distinguishes this study from previous
reports on resistance of BCG-infected or M. tuberculosis-in-
fected hosts to heterologous pathogens at 7 to 21 days after
exposure to the mycobacteria (3, 40, 44, 56).

Susceptibility of BCG-immune mice to virus infection. To
test whether immunity to BCG rendered mice resistant to viral
infections, the BCG-immune, antibiotic-treated B6 mice were
challenged with VV (Table 2) or LCMV (Table 2) and tested
for viral titers in different organs at 1 to 3 days postinfection.
Table 2 shows that BCG-immune B6 mice had normal suscep-

TABLE 2. Effects of BCG immunization on PFU titers of challenge viruses”

Time of virus Day . - b
Chall . challenge postchallenge Titer (log,o PFU/ml) in”:
a1enge virus Immunization (n) (wks after that titers
and mouse strain BCG or sham were ]
immunization) determined Spleen Liver Fat pads
\A'
C57BL/6 BCG (3) 11 1 2.5+ 0.31 3.1 +£043 3.5+0.28
Sham (3) 4.0 = 0.23** 4.3 £ 0.26* 45+ 0.16%*
C57BL/6 BCG (3) 10 3 1.3 045 <2.0 = 0.00 3.0x1.6
Sham (3) 2.8 = 0.78* 2.8 £0.43* 5.7 = 0.29*
C57BL/6 BCG (5) 28 3 1.5 £0.55 2.3 +0.30 4.2 +0.85
Sham (5) 3.1 £ 0.25%* 3.9 = 0.59** 5.4 * 0.42*
B10 BCG (4) 13 2 <1.0 £0.00 <2.0 = 0.00 23+1.2
Sham (4) 4.1 = 0.10** 4.4+ 0.20%* 4.4 + 0.32*%
B10.D2 BCG (4) 13 2 <1.0 £0.00 <2.0 = 0.00 33+13
Sham (4) <1.0 £0.00 3.3 = 0.25%* 4.4 +0.28
LCMV clone 13
C57BL/6 BCG (3) 12 3 5.3 *£0.65 4.3 +0.30
Sham (3) 5.3 £0.63 4.0 £0.30
C57BL/6 BCG (3) 17 3 5.5 +0.20 5.0 +0.28
Sham (3) 5.4 *£0.44 5.1%0.22

“ Mice of the designated strains were immunized with BCG or sham immunized, and at the designated time postimmunization they were challenged with either VV
or LCMV, as described in Materials and Methods.
® On the designated day postchallenge, mice were sacrificed and viral titers were assessed in tissue homogenates by plaque assay on Vero cells. Spleen and liver titers
(both challenge groups) and fat pad titers (only the VV challenge group) are expressed as the log;, PFU/ml. Statistically significant differences between BCG- and
sham-immunized mice: *, P < 0.05; =, P < 0.01 (Student’s ¢ test).
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FIG. 1. Increased spleen size and spleen T-cell numbers 6 days after VV infection of BCG-immunized mice. (A) Sizes of spleens before and
after VV challenge. (B and C) CD8 and CD4 cell numbers in spleens and PEC, respectively, as determined by flow cytometry. There were four
mice per group in this representative experiment. Statistically significant differences between BCG- and sham-immunized mice: *, P < 0.05; s,

P < 0.01.

tibility to LCMV but had dramatic 10- to 100-fold reductions in
titers to VV. Mycobacteria-induced resistance to VV has been
reported before, but those studies examined VV infection dur-
ing ongoing immune responses early after immunization and
most likely before the mycobacteria were cleared (3, 56). Un-
der those conditions there would be high levels of macrophage
activation and cytokine production at the time of challenge. In
contrast, we used experimental conditions designed to examine
heterologous immunity in a resting immune state by using
antibiotic-treated mice. The resistance to VV infection was
long-lasting, as mice were still protected against VV 28 weeks
after the initial BCG immunization (Table 2). The immunity
manifested itself quickly, as greater than 10-fold reductions in
VV titers were seen as early as day 1 after VV challenge.
Similar studies with VV were done in BCG-immune B10 mice
and BCG-immune MHC-congenic B10.D2 (H2¢) mice. B10
mice are closely related to B6 mice and have the same H2°
haplotype. BCG-immune B10 mice were as resistant to VV as
their B6 counterparts. The protective effect of BCG immuni-
zation to VV infection also occurred in B10.D2 mice but
seemed less pronounced than that in B10 mice (Table 2). This
was not further addressed, but it does suggest that this heter-
ologous immunity can occur with different MHC.

Magnitude of the VV-induced T-cell response. BCG immu-
nization dramatically augmented the T-cell response to VV.
Typically, the peak of the VV-induced T-cell response in B6
mice occurs 6 days after i.p. infection. Although the spleen size
and T-cell number were not statistically different between
BCG- and sham-immunized mice prior to VV infection (Table
1 and Fig. 1A), remarkable differences were seen at day 6 after
infection. Spleen sizes became substantially larger in the VV-
infected BCG-immune mice (Fig. 1A), reflecting larger num-
bers of T cells in both spleens and peritoneal cavities, where
the inflammatory infiltrate was quite extensive. Expansions
in the CD8 T-cell populations were most profound, as shown in
the representative experiment in Fig. 1B and C. Averages of

CDS8 numbers from three experiments (n = 8) were as follows:
BCG spleen, 6.7 X 107 = 2.5 X 107, versus sham spleen, 3.2 X
107 = 1.4 X 107 (P = 0.004); BCG PEC, 4.2 X 107 = 1.6 X 107
versus sham PEC, 1.8 X 107 = 0.7 X 107 (P = 0.002). At day
6, most of the CD8 (>85%) and CD4 (>65%) T cells ex-
pressed the activation marker CD44.

Mechanism of protective heterologous immunity. Despite
the heightened immune response at day 6, Table 2 shows that
substantial differences in viral titers in spleen, visceral fat pads
(lining the peritoneal cavity), and liver were detected as early
as 1 or 2 days postinfection of BCG-immunized mice chal-
lenged with VV. This timing could be consistent with an early
innate immune response. We thus tested the peritoneal fluid
for type 1 IFNs in a bioassay and found none (titer, <1.2) prior
to VV challenge (n = 7) or at 6 (n = 2) or 24 (n = 6) h after
i.p. infection. Sera from BCG-immune mice were tested in
neutralization plaque assays against VV, and no detectable
neutralizing antibody was found (titer, <1:3) (n = 4).

Heterologous immunity between LCMV and VV has been
shown to be mediated by memory CD8 and CD4 T cells ap-
pearing early, with innate-like kinetics (42). In that system,
when carboxyfluorescein diacetate succinimidyl ester (CFSE)-
labeled splenocytes from LCMV-immune mice were adop-
tively transferred into naive recipient mice challenged with
VV, there was a dramatic increase in the number of CFSE'"
donor CD8 T cells and a much less dramatic response of CD4
T cells, in comparison to naive donor cells (20). Generally,
when CDS8 T cells see antigen they undergo many rounds of
clonal expansion and greatly increase in frequency (18, 27, 49).
Expansion of CD4 T cells under similar conditions is usually
much more limited (14). Nevertheless, we analyzed how well
BCG-immune CD4 and CDS8 T cells would proliferate after
transfer into naive mice that were subsequently challenged
with VV. A total of 3 X 107 CFSE-labeled BCG-immune or
sham-immune splenocytes (Ly5.2) were transferred intrave-
nously into Ly5.1 congenic B6 mice, which were inoculated
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FIG. 2. Moderate loss of CFSE in adoptively transferred BCG-
immune CD4 T-cell populations. A total of 3 X 107 BCG- or sham-
immune spleen leukocytes were transferred intravenously into naive
B6 female mice, which were challenged 4 h later with VV. At 6 days
postinfection splenocytes were harvested and analyzed for CD4, CDS,
and expression of CFSE. The cells were gated on CD4 or CDS8 and
plotted against IFN-y (y axis) and CFSE (x axis). This was part of a
larger experiment that included stimulation of intracellular IFN-y pro-
duction in vitro, but these plots are intended to show just cell number
and are of the nonstimulated controls, so they all are IFN-y-negative.

with VV 4 h later, and at day 5 or 6 postinfection the CSFE loss
and total numbers of CD4 and CDS cells were monitored (very
little CFSE loss was seen at day 4 postinfection). There was
some loss of CFSE, indicative of division, in the CD8 popula-
tions, but in five experiments (n = a total of 14 mice per group)
there were no significant differences in CFSE loss between
BCG-immune and sham-immune CDS8 donor cells; represen-
tative CD8 plots shown in Fig. 2 reflect the similarities in CD8§
responses. This is consistent with the CFSE loss in CDS cells
being a primary response to infection with either group of cells.
In contrast, in these five experiments 12 out of 14 mice receiv-
ing BCG-immune donor cells showed a modestly enhanced
CFSE loss in BCG-immune CD4 cells compared to the average
(per experiment) in sham-immune CD4 donor cells, as de-
picted here for one of the responders in Fig. 2 (in this exper-
iment three sham-immune mice averaged 19% CFSE'** CD4
cells, whereas three BCG-immune mice averaged 30% CFSE'™™
CD#4 cells; P = 0.036). These CD4 responses were relatively
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weak but point to a possible role for CD4 but not CD8 T cells
in the BCG-induced resistance to VV.

We therefore depleted BCG- or sham-immune mice with
anti-CD4 (Table 3) or anti-CD8a antibodies (Table 3) and
challenged them with VV. Depletion of CD8 T cells (and likely
other CD8a ™ cells) had no effect on the differential protective
immunity in this and in another experiment. However, deple-
tion of CD4 T cells eliminated the differential in titers between
the BCG-immune and sham-immune hosts. Anti-CD4 treat-
ment had no effect on the day 2 VV titers in sham-immune
mice, indicating that any impact of naive CD4 T cells in hosts
by day 2 postinfection was minimal; however, anti-CD4 in-
creased titers in some organs by over 10-fold in BCG-immune
mice. We interpret this experiment to indicate that the protec-
tive heterologous immunity was dependent on memory CD4
cells, since depletion of CD4 cells enhanced viral titers at day
2 only in BCG-immune and not in sham-immune mice. This
demonstration of heterologous immunity mediated by CD4 but
not CD8 T cells is unique.

CD4 T cells produce high levels of IFN-y early in infection.
We questioned whether the dependence on CD4 cells for pro-
tective immunity was due to CD4 T-cell helper or effector
mechanisms. The early manifestation of protection against VV
in BCG-immune mice 1 to 2 days postinfection is inconsistent
with the concept that BCG-immune CD4 T cells were protect-
ing by augmenting antibody responses. Further, the fact that
CDS8 depletion had no effect on the differential of sham versus
BCG-immunized mice on V'V titers argues that the mechanism
of protection was not due to CD4 T-cell help for CD8 T cells,
even though there may have been enough CD4 T cells in the
immune host (but not in the adoptively reconstituted host) to
augment CD8 T-cell proliferation.

Control of VV infection in mice has been linked to the
ability of T cells to produce IFN-y, which is made by VV-
specific CD4 and CDS8 T cells on contact with MHC-displayed
viral peptides (31, 42, 51). To test directly for T-cell IFN-vy-
producing effector function in vivo, we employed an in vivo
cytokine assay, where infected mice were inoculated with
brefeldin A to prevent release of intracellular cytokines (24).
Six hours later leukocytes were harvested and directly stained
for intracellular IFN-y and antigenic phenotype, without ad-
ditional stimulation in vitro. Figure 3 shows that very little
IFN-y was made by CD4 or CDS8 T cells isolated from spleen,
peritoneum, and fat pads from unchallenged sham-immune or
BCG-immune mice. This is further evidence that the immune
system is at rest prior to VV challenge. Very little IFN-y was
made in the spleens of VV-infected mice (Fig. 3), perhaps
because that was not the site of viral challenge and because the
viral antigen load therein was low (Table 2). Further, at this
time point most of the memory cells may have been recruited
to peripheral sites like the fat and peritoneal cavity. Some low
levels of IFN-y staining were seen in fat and PEC CDS8 T cells
at day 2 after VV infection, but there were no significant
differences in CD8 T-cell IFN-y production between sham-
immune and BCG-immune VV-infected mice. For example, in
six experiments BCG-immune mice had on average a statisti-
cally insignificant 20% increase in the number of IFN-y-pro-
ducing CD8 T cells in the fat, in comparison to sham-immune
mice (P = 0.84). In contrast, CD4 cells expressed much higher
levels of IFN-vy in the BCG-immune versus the sham-immune
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TABLE 3. Effects of T-cell depletion and CsA on VYV titers in BCG-immune mice”
Time of Day . - b
challenge postchallenge Titer (log,o PFU/ml) in”:
Experiment Immunization (n) (wks after Treatment that titers
BCG or sham were .
immunization) determined Spleen Fat pads Liver
A BCG (3) 13 Isotype 2 1.8*+13 3.7+ 0.89 3314
BCG (4) 13 Anti-CD4 2 49 + 1.5* 4.9 + (0.24* 4.7 £ 0.16
Sham (3) 13 Isotype 2 4.5+ 0.38 49+0.21 4.9 = 0.48
Sham (4) 13 Anti-CD4 2 43 1.1 4.6 +0.21 4.8 £0.62
B BCG (4) 9 Isotype 2 1.5*+0095 3.9 +0.62 2612
BCG (4) 9 Anti-CD4 2 3.3 £0.90% 5.2 £ 0.40% 3.6 £0.73
Sham (4) 9 Isotype 2 39 +0.31 49 +=0.37 49 +0.33
Sham (4) 9 Anti-CD4 2 38+19 5.0x0.21 4.6 =041
C BCG (4) 9 Isotype 3 1.9 £ 0.63 42 = 0.54 NT
BCG (4) 9 Anti-CD4 3 3.0 £ 0.53* 6.3 = 0.44%* NT
Sham (4) 9 Isotype 3 29+13 52 +0.50 NT
Sham (4) 9 Anti-CD4 3 32+0.39 5.3 = 0.66 NT
BCG (4) 9 Isotype 3 1.9 £ 0.63 42 = 0.54 NT
BCG (4) 9 Anti-CD8 3 1.8 = 0.56 47+ 041 NT
Sham (4) 9 Isotype 3 29+13 52 +0.50 NT
Sham (4) 9 Anti-CD8 3 2.6 = 0.46 52+041 NT
D BCG (3) 12 No treatment 1 4.0 = 0.64 45 +0.48 4.6 £0.24
BCG (4) 12 CsA 1 52 *£0.56 52 +0.69 55 *0.64
Sham (3) 12 No treatment 1 43 +0.31 5.4 +0.46 5.1 £0.56
Sham (3) 12 CsA 1 5.0 £ 0.66 5.7x0.19 55+14

“ BCG- or sham-immunized B6 mice were injected in vivo with MAb to CD4 or CDS or with the drug CsA, and then mice were challenged with VV, as described
in Materials and Methods. The weeks after immunization and the days after challenge are listed in the table.

> On the designated day postchallenge, mice were sacrificed and viral titers were assessed in tissue homogenates by plaque assay on Vero cells. Spleen, fat pad, and
liver titers are expressed as the log;, PFU/ml. Statistically significant differences between isotype and anti-CD4 or anti-CD8 groups (or no treatment and CsA groups):

x, P < 0.05; **, P < 0.01 (Student’s ¢ test). NT, not tested.

mice. Figure 3 shows that as many as 20% of CD4 cells infil-
trating visceral fat 2 days after VV infection were producing
IFN-v in vivo, and that there were 8 times more IFN-y-pro-
ducing CD4 T cells in the peritoneal exudates of BCG-immune
versus sham-immune mice. In six experiments the VV-infected
BCG-immune mice had on average 7.6 times the number of
IFN-vy-producing CD4 T cells in the peritoneal cavity (P =
0.0001) and 4.2 times the number of IFN-y-producing CD4 T
cells in the fat (P = 0.0001) than VV-infected sham-immune
mice. Thus, this heterologous immunity was associated with
much higher CD4 T-cell production of IFN-vy, which is known
to control VV replication in this model.

Blockade of heterologous immunity and IFN-y production
by CsA. We questioned whether the protective effect of CD4 T
cells and their production of IFN-y was a TCR-independent
event associated with the reported tendency of memory T cells
to produce IFN-vy after exposure to cytokines in the absence of
cognate antigen (15, 35). Blockade of TCR signaling by CsA
should prevent IFN-y production if antigen recognition by the
TCR were required (36). Mice were therefore treated with
CsA, which elevated VV titers overall and eliminated the dif-
ferences in VV titers normally seen between BCG-immune
and sham-immune mice. This is shown for day 1 postinfection
in Table 3, where there were no statistically significant differ-
ences between CsA-treated BCG-immune or sham-immune
mice challenged with VV and in another experiment at day 3
postinfection. CsA also prevented both the CD4 and CD8 T
cells from synthesizing IFN-y (Fig. 3). These results are con-
sistent with the concept that a TCR-dependent event regulated

both cytokine production and protective immunity and that the
protection was mediated by IFN-y. Treatment of mice with
MAD to IFN-vy, not surprisingly, elevated viral titers in all
groups (data not shown), as has been shown in similar studies
of heterologous immunity between LCMV and VV (42).

BCG-induced memory T-cell populations respond to VV dif-
ferently than do LCMV-induced memory T-cell populations.
The selective proliferation and probable TCR dependence of
the CD4 T cells is consistent with the concept of CD4 T-cell-
mediated cross-reactivity in this system, but some evidence
indicates that memory T-cell populations can be readily acti-
vated by cytokines, independent of TCR signaling (15, 35). We
questioned, therefore, whether other memory T-cell popula-
tions would respond to VV in a similar manner to BCG-
induced memory populations. In BCG-induced immune T-cell
populations, the CD4 T cells preferentially made IFN-y in
vivo, with little selective production by CD8 T cells on VV
challenge (Fig. 3), but the opposite was true in LCMV-induced
immune cell populations, where it was the CD8 T cells which
preferentially synthesized the IFN-y in vivo after VV chal-
lenge, with much less production by the CD4 T cells (Fig. 4).
This indicates that VV-induced cytokine production is not a
function of just any heterologous memory T-cell population
and is more consistent with the concept of an antigen-specific
response.

Search for cross-reactive class II epitopes between BCG and
VV. When heterologous immunity is mediated by CD8 T cells,
the multicycled amplification of CD8 T cells that occurs after
antigen recognition allows for the resolution of cross-reactive
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FIG. 3. In vivo IFN-y production by T cells infiltrating the visceral fat and the peritoneal cavity of day 2 (D2) VV-challenged BCG-or
sham-immunized mice. As described in Materials and Methods, immunized mice were challenged with VV for 2 days and injected with BFA for
6 h, and isolated leukocytes were stained for antigenic phenotype and cytoplasmic IFN-y. Some mice were treated with CsA on day 0 and day 1

before the day 2 harvest.

T-cell responses between unrelated viruses (20, 21). Identifying
cross-reactive CD4 responses between unrelated pathogens
has been more difficult to achieve, possibly because the ampli-
fication of CD4 T-cell clones is much more limited (14). De-
spite the demonstration that CD4 T cells mediated the heter-
ologous immunity in this BCG-VV system, the selective
division (CFSE loss) of adoptively transferred CD4 T cells was
very modest and unlikely to reflect a major proliferative ex-
pansion of a cross-reactive population. Nevertheless, we at-
tempted to define cross-reactivity between BCG and VV. Sette
and coworkers have recently identified a number of class II
IAP-restricted epitopes for VV that induce IFN-y at very mod-
est frequencies (usually <1%) from VV-specific CD4 T cells
(29). We hypothesized that, if BCG immunization were induc-
ing heterologous immunity to VV by cross-reactive CD4 T-cell
responses, the hierarchy of CD4 T-cell-specific epitope usage
might be altered between BCG-immune and sham-immune

mice challenged with VV, if there were a substantial stimulus
to cause expansion of clones of CD4 T cells. After an initial
screen of all of those published epitopes, we tested the eight
most VV-reactive epitopes at days 2, 6, and 9 post-VV infec-
tion for inducing IFN-y production from CD4 T cells. Re-
sponses were undetectable at day 2 and low at day 6, but easily
observed at day 9. Figure 5 shows representative day 9 data
that confirm that these class II peptides elicit IFN-y produc-
tion from VV-induced CD4 T cells, but the small variations in
responses between BCG-immune versus sham-immune mice
seemed no different than the variations occurring within either
of the groups. We therefore could not identify a putative cross-
reactive peptide between these two viruses. In addition, stain-
ing of CD4 splenocytes or PEC with the panel of antibodies
specific to mouse VB1 to VB14 TCR (Ebioscience) revealed no
substantial alterations in CD4 V@ repertoires at day 8 postin-
fection between BCG-immune and sham-immune groups
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FIG. 4. In vivo IFN-y production by T cells infiltrating the visceral fat and the peritoneal cavity of day 2 (D2) VV-challenged LCMV-immune
mice. Immune mice were challenged with VV and at 2 days postinfection their lymphocytes were tested for IFN-y production, as described in
Materials and Methods and in the legend to Fig. 2. The same three mice (two infected and one uninfected) were used for the CD4 and CD8 data.

(data not shown). This result was not surprising, given the
limited selective proliferation of CD4 T cells seen during our
adoptive transfer studies (Fig. 2).

Specificity of the CD8 T-cell response. Although we found
no role for CD8 T cells in the heterologous immunity and
could not show selective proliferation of CD8 T cells under
conditions of T-cell adoptive transfers, there remained the
phenomenon that VV infection of BCG-immune mice induced
splenomegaly accompanied by high frequencies of CD8 T cells.
To clarify whether the augmented CDS8 T-cell number repre-
sented a selective proliferation of T cells with a given specific-
ity, an event that would be consistent with a cross-reactive CD8
cell expansion, the specificity of VV-specific T cells was eval-
uated in a peptide-induced intracellular IFN-y assay. CDS8
T-cell responses to five VV-specific class I epitopes were ex-
amined, but no evidence of any change in the hierarchy of
epitope-specific responses between BCG-immune and sham-
immune mice was found; representative data are shown in Fig.
6. In contrast, changes in such hierarchies have been observed
in LCMV-immune mice challenged with VV, where protective
immunity is partially mediated by CD8 T cells (21). CD8 T
cells specific to the major immunodominant VV-encoded BSR
epitope in some VV-challenged BCG-immune mice were
about double the frequency seen in VV-challenged sham-im-
mune mice (Fig. 6) but, as a percentage of the response in
comparison to four other tested epitopes in five experiments
encompassing 13 mice, BSR™ cell percentages were 61% in
nonimmune and 65% in BCG-immune mice. Because this was
only a slight amplification of the response to the immunodom-
inant epitope, it was unclear whether this represented cross-

reactivity or simply a nonspecific augmentation of a dominant
high-affinity response. In addition, staining of CD8 splenocytes
or PEC with a panel of antibodies specific to mouse VB1 to
VB14 TCR revealed no substantial alterations in VB reper-
toires (data not shown). This lack of any selective expansion is
consistent with our data showing no role for CD8 T cells in the
protective immunity. The general increase in CD8 T-cell num-
ber may have either been due to enhanced help from CD4 T
cells or to the fact that high levels of VV can be suppressive to
T-cell responses, and the VV loads were much lower in BCG-
immune mice (Fig. 1; Table 2).

DISCUSSION

Two novel conclusions can be made from this work. The first
is that heterologous immunity can be demonstrated between
mycobacteria and viruses. Earlier reports had indicated that
BCG or M. tuberculosis infection provided resistance in mice to
VV or ectromelia virus, but in those studies the virus challenge
was early after immunization, when immune responses to the
mycobacteria were likely ongoing (3, 16, 40, 44, 56). In this
present report, mice were treated with antibiotics to clear
residual mycobacteria to minimum levels, the immune system
appeared at rest (Table 1; Fig. 3), and resistance to VV chal-
lenge was still observed even more than 6 months after BCG
immunization (Table 2). This indicates that this is true heter-
ologous immunity and not just a resistance to infection caused
by an activated innate immune system. The second novel ob-
servation was that the heterologous immunity was mediated
primarily by CD4 T cells, which were shown to be activated in
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FIG. 5. Hierarchies of VV-encoded class II epitope-specific CD4 T cells in BCG- or sham-immunized mice 9 days after VV challenge, as

determined by peptide-induced intracellular IFN-y production in vitro.

vivo to make IFN-y. The mechanism of heterologous immunity
is not clarified in most systems, but a CD8 T-cell mechanism
has been described or suggested for heterologous immunity
between influenza virus and HCV (48), between influenza vi-
rus and EBV (11), between different strains of dengue virus
(28), and between LCMV and Pichinde virus (6, 42). Cross-
reactive CD8 T cells have been directly shown to mediate
heterologous immunity between LCMV and VV in mice (12),
although adoptive transfer studies of LCMV-immune spleno-
cytes into naive mice have also shown that CD4 T cells were
necessary, along with the CDS8 T cells, to mediate protective
immunity against VV (42). This is the first study demonstrating
an exclusive role for CD4 cells in protective heterologous im-
munity, apparently independent of antibody or CD8 T cells.
While successful with our immune depletion studies shown in
Table 3, we were unable to use adoptive transfer techniques in
this system to show a protective role for memory CD4 T cells
(data not shown); this is not surprising, considering the rela-
tively poor ability of CD4 T cells to proliferate after transfer, as
shown in Fig. 2.

The importance of developing an understanding of this pro-
cess is attested to by epidemiological studies that have shown
that vaccination with BCG, as well as other vaccines, such as
measles, can sometimes provide unexpected health benefits,
including greater resistance to unrelated pathogens and overall

lower mortality in vaccinated populations in developing coun-
tries (1, 22, 38, 39). Alternatively, there is considerable debate
over whether too many inactivated vaccines may alter or inhibit
proper development of the immune system in industrialized
nations. This hygiene hypothesis argues that living in too clean
an environment with exposure to inactivated vaccines rather
than normal infections may promote allergic or autoimmune
responses (37). Of interest is that the incidence of atopy in
human populations is reported to be reduced by vaccination
with BCG, which is an attenuated live replicating vaccine
rather than an inactivated pathogen (43).

Heterologous immunity has been implicated in increased
resistance as well as enhancement of infections, with altered
immunopathology in either case (9, 42, 48, 55). Some viruses,
such as EBV, cause greater symptomatology in young adults
than in children, and the characteristic pathology of EBV-
associated monononucleosis has recently been linked to the
activation of influenza virus-specific CD8 T cells in some pa-
tients (48). It is noteworthy that the VV-challenged BCG-
immune mice in this study had greater splenomegaly and total
T-cell numbers than the sham-immune controls, much like that
seen in EBV infections of young adults.

It is clear from our studies that this heterologous immunity
was not a consequence of an already ongoing immune response
at the time of initial infection and that it was dependent on the



VoL. 83, 2009

Spleen

media E7R

Al11R

IMMUNITY BETWEEN MYCOBACTERIA AND POXVIRUSES 3537

A47L K3L B8R

0.1

1.1

CD44

FIG. 6. Hierarchies of VV-encoded class I epitope-specific CD8 T cells in BCG- or sham-immunized mice 6 days after VV challenge, as

determined by peptide-induced intracellular IFN-y production in vitro.

effector function of memory phenotype CD4 T cells (Tables 1
and 3). The question is whether this resistance was due to some
cytokine-mediated nonspecific activation of memory cells or
due to cross-reactive memory cells activated through their
TCR, and arguments can be made for both sides of this issue.
Some have argued that memory cells are “twitchy” and can be
activated by cytokines such as IL-12 and IL-18 independently
of TCR signaling (15, 35). The high frequency of IFN-y-syn-
thesizing CD4 T cells infiltrating infected tissues as early as 2
days after VV challenge may be consistent with that concept.
Our failure thus far to define cross-reactive epitopes or to show
convincing changes in epitope-specific T-cell hierarchies would
also be consistent with a nonspecific process (Fig. 5 and 6).
Indeed, our demonstration that the heterologous immunity
occurred in congenic mice bearing different MHC molecules is
also consistent with the “nonspecific” hypothesis, as this would
require additional cross-reactive epitopes to be presented by
disparate class II MHC molecules.

Nevertheless, demonstration of cross-reactivity can be quite
difficult, and an argument can be made in support of cross-
reactivity in this model. It is becoming apparent that there may
be hundreds of class II epitopes encoded by these pathogens.
An increasing number of VV epitopes are now being defined
(12, 29, 30, 47), and, while less is known about the epitope
spectrum for BCG and M. tuberculosis, it is likely to be quite
large, considering that these organisms encode about 4,000

proteins, or about 20 times the number encoded by VV (8).
Thus, the probability of there being cross-reactive CD4
epitopes between BCG and VYV is high, but the probability of
our detecting cross-reactivity within the small subset of poten-
tial peptides tested was low. In addition, the programmed
proliferative expansion of CD4 T cells is substantially less than
that of CD8 T cells and requires exposure to antigen to con-
tinue (14, 23). VV is rapidly cleared by the CD4 T cells in
BCG-immune mice (Table 2), so the CD4 T cells may not get
that second antigen signal to continue their expansion. It is the
dramatic proliferative expansion of CD8 T cells that enabled
us to define cross-reactive CD8 epitopes between LCMV and
VV (21).

The arguments that this heterologous immunity may be due
to cross-reactivity are several. First, the protective immunity to
VV was specific in that there was no protection against LCMV
(Table 2). In addition, LCMV, unlike VV (Fig. 2), did not
induce IFN-y from BCG-immune T-cell populations in vivo
(data not shown). In two experiments (not shown) we could
find no BCG-induced protective immunity against a third virus,
MCMYV; however, MCMYV infection did induce elevated levels
of IFN-y in BCG-immune memory CD4-cell populations,
though not as high as VV did. MCMV, unlike LCMV, which
encodes only four proteins, is a large complex pathogen likely
to encode some epitopes cross-reactive with BCG and is being
separately studied. Second, the theory that memory cells are
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getting activated only by cytokines (15, 35) has been challenged
by experiments where we compared BCG-immune to LCMV-
immune mice, both challenged with VV (Fig. 3 and 4). Al-
though both BCG and LCMYV infections elicit CD4 and CDS§
memory cell populations, VV selectively induced IFN-y from
the BCG-immune CD4 populations, whereas it selectively in-
duced IFN-y from the LCMV-immune CDS8 populations. This
argues for a qualitative difference in these immune T-cell pop-
ulations generated in response to two different pathogens, and
that difference could be accounted for by differences in their
TCR. Finally, TCR signaling is blocked by CsA (36), and this
drug blocked the CD4 T-cell IFN-y production and the pro-
tective immunity to VV in the BCG-immune mice (Fig. 3;
Table 3). We acknowledge that CsA can at times act in a
TCR-independent manner, but collectively, these experiments
support a cross-reactive, TCR-dependent mechanism.

Because high doses of IL-12 have been reported to nonspe-
cifically activate memory T cells (35), an experiment to deter-
mine the likelihood of nonspecific activation in this system
might be to inhibit IL-12 production in VV-infected BCG-
immune mice with MAD to IL-12. However, we chose not to do
that experiment, because our studies with LCMV-induced
memory cell populations showed that the presence of IL-12
greatly augmented IFN-y production by peptide-stimulated
LCMV-specific memory cells (H. Chen, R. M. Welsh, and
L. K. Selin, unpublished data). Therefore, such an experiment
would not discriminate between specific versus nonspecific
mechanisms.

Whether due to cross-reactivity or not, this study shows how
immunization against a mycobacterium may influence a sub-
sequent immunization or infection with a virus. One hundred
million doses of BCG are given to children every year in most
of the world, although not in North America (46). One can
speculate how this influences the quality of immune responses
to other vaccines in these different areas. Indeed, epidemio-
logical studies have suggested widespread pleiotropic effects of
BCG vaccination, and these effects may be related to heterol-
ogous immunity (22, 38, 39, 43). Given the enormous number
of persons vaccinated with BCG worldwide (more than 3 bil-
lion) (13), understanding how memory to BCG influences the
host response to viruses is an important issue for clinical re-
search and practice. The significance of such heterologous
immunity might be particularly relevant to interpreting clinical
trials of poxvirus-based tuberculosis vaccines administered to
BCG-vaccinated populations (25).
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