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Malaria and tuberculosis are endemic in many regions of the world, and coinfection with the two pathogens
is common. In this study, we examined the effects of long- and short-term infection with Mycobacterium
tuberculosis on the course of a lethal form of murine malaria in resistant (C57BL/6) and susceptible (BALB/c)
mice. C57BL/6 mice coinfected with M. tuberculosis CDC1551 and Plasmodium yoelii 17XL had a lower peak
parasitemia and increased survival compared to mice infected with P. yoelii 17XL alone. Splenic microarray
analysis demonstrated potentiation of type 1 immune responses in coinfected C57BL/6 mice, which was
especially prominent 5 days after infection with P. yoelii 17XL. Splenocytes from coinfected C57BL/6 mice
produced higher levels of gamma interferon (IFN-y) and tumor necrosis factor alpha than splenocytes from
mice infected with either pathogen alone. Interestingly, mycobacterium-induced protection against lethal P.
yoelii is mouse strain specific. BALB/c mice were significantly more susceptible than C57BL/6 mice to infection
with P. yoelii 17XL and were not protected against lethal malaria by coinfection with M. tuberculosis. In
addition, M. tuberculosis did not augment IFN-y responses in BALB/c mice subsequently infected with P. yoelii
17XL. These data indicate that M. fuberculosis-induced potentiation of type 1 immune responses is associated

with protection against lethal murine malaria.

Malaria and tuberculosis are major causes of morbidity and
mortality worldwide, each accounting for over 2 million deaths
ayear (43, 61). There are approximately 500 million new cases
of clinical malaria (53) and 8 million cases of active tubercu-
losis per year, and it is estimated that one-third of the world’s
population, or nearly 2 billion people, have latent tuberculosis
infection (43). Given the significant geographic overlap be-
tween areas endemic for these two diseases, coinfection with
tuberculosis and malaria is likely to be common.

The clinical manifestations of malaria may range from life-
threatening anemia or neurologic involvement to asymptom-
atic infection. Although acquired immunity plays a significant
role in determining the severity of disease, other host and
environmental factors likely contribute to the variability in
clinical outcomes (3). In coendemic areas, many children at
risk for severe malaria have had prior mycobacterial infections,
either from routine vaccination with live-attenuated Mycobac-
terium bovis BCG (bacillus Calmette-Guerin) or from exposure
to Mycobacterium tuberculosis or environmental mycobacteria.
The modulation of host immune responses to Plasmodium by
concurrent mycobacterial infections remains poorly under-
stood.

M. tuberculosis is a potent inducer of type 1 immune re-
sponses, characterized by high levels of gamma interferon
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(IFN-vy) and tumor necrosis factor alpha (TNF-a) (24). The
importance of cell-mediated immunity in the containment of
M. tuberculosis has been demonstrated by the accelerated
deaths of IFN-y-knockout mice from uncontrolled tuberculosis
(12). In clinical practice, dramatic increases in tuberculosis
rates followed the onset of the human immunodeficiency virus
epidemic, especially in patients with declining CD4 counts
(24). Furthermore, individuals treated with the TNF-«a antag-
onist, infliximab, have a markedly increased risk of developing
active tuberculosis (26).

In contrast, the role of cell-mediated immunity in host re-
sponses to malaria is less well defined. Murine studies show
that although an initial type 1 immune response is important in
controlling malaria, unregulated type 1 responses can lead to
immunopathology. Subsequently, a switch to a type 2 response
is required for complete clearance of the parasite (31). Mice
with defects in cell-mediated immunity, such as IFN-y-knock-
out mice, succumb to infection with Plasmodium chabaudi
(56), and recombinant IL-12 improves survival of mice infected
with a lethal strain of P. chabaudi (55). Nonlethal strains of
Plasmodium yoelii elicit stronger early type 1 responses than
lethal P. yoelii (9, 51). However, proinflammatory cytokines
can also exacerbate malaria-induced pathology. Neutralization
of transforming growth factor B (TGF-B), a regulator of in-
flammation that decreases IFN-y levels, increases the severity
of malaria in mice infected with P. chabaudi or Plasmodium
berghei (40). Furthermore, the appearance of neurologic signs
of cerebral malaria after infection with P. berghei ANKA is
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associated with increased production of TNF-a and IFN-y (16,
18). Depletion of IFN-y prevents the development of cerebral
malaria (17).

In areas of the world where multiple infections are endemic,
coinfection with unrelated pathogens is common, and there are
several examples where infection with one organism can mod-
ulate immune responses elicited by an unrelated pathogen (11,
25, 33, 34, 41). Previous work from our laboratory showed that
malarial infection resulted in decreased containment of
chronic tuberculosis infection in mice (48). Protection against
Plasmodium knowlesi, Plasmodium cynomolgi, and Plasmodium
inui in nonhuman primates infected with M. tuberculosis has
been described (5, 52), and vaccination with M. bovis BCG
protects mice against Plasmodium vinckei, P. yoelii, P. berghei,
and P. chabaudi (6, 37, 54). In contrast, helminthic infections
tend to worsen the outcome of P. chabaudi (15, 21) and P.
yoelii (32, 38). However, the immunologic mechanisms under-
lying these phenomena have not been well elucidated.

We hypothesized that the type 1 immune response induced
by mycobacteria can modulate the course of malaria. In this
study, we evaluated the effects of short- and long-term expo-
sure to M. tuberculosis on the course of infection and immune
response after challenge with the lethal strain of P. yoelii
(17XL) in C57BL/6 and BALB/c mice. Transcriptional and
protein expression patterns revealed that protection against
lethal malaria in C57BL/6 mice is associated with an enhanced
type 1 immunity induced by M. tuberculosis infection. In strik-
ing contrast, neither short- nor long-term exposure of suscep-
tible BALB/c mice to M. tuberculosis resulted in enhanced type
1 immunity and protection from challenge with P. yoelii 17XL.

MATERIALS AND METHODS

Mice. Pathogen-free female C57BL/6 and BALB/c mice (6 to 8 weeks old)
were obtained from Charles Rivers Laboratories (Raleigh, NC) and housed in a
Biosafety Level 3 animal facility. Animals were kept in microisolator cages and
provided food and water ad libitum. The Johns Hopkins Animal Care and Use
Committee approved the experimental protocols used in this study.

M. tuberculosis CDC1551 was passaged once through mice and then grown in
Middlebrook 7H9 medium (Difco) supplemented with 10% oleic acid-albumin-
dextrose-catalase and 0.05% Tween 80. Once a concentration of 5 X 10® organ-
isms/ml was reached, the mycobacteria were vortexed with large glass beads for
1 min and allowed to settle for 20 min. The supernatants were harvested,
suspended in 10% glycerol, aliquoted, and stored at —70°C. For aerosol infec-
tions, the samples were thawed and diluted 100-fold in phosphate-buffered saline
(PBS).

P. yoelii 17XL. Parasitized erythrocytes from infected BALB/c or C57BL/6
mice were stored in glycerol, aliquoted, and frozen in liquid nitrogen. Prior to
being used for experimental infections, P. yoelii 17XL was passaged three times
in naive C57BI/6 or BALB/c mice.

M. tuberculosis infection. Mice were infected in a Middlebrook Exposure
Inhalation system (Glas-col Inc., Terre Haute, IN), using a low-dose aerosol
exposure to M. tuberculosis CDC1551 (5 % 10° cells/ml). Uninfected control mice
were kept in the same facility as M. tuberculosis-infected mice throughout the
experiments. Five mice were sacrificed 1 day after aerosolization to quantify the
number of mycobacteria deposited in the lung. Mice were also sacrificed 2 and
6 weeks postinfection to determine the organ burden of disease. Spleens and
lungs were homogenized in 1 ml of PBS, using Ten-Broek homogenizers. Serial
dilutions were plated on Middlebrook 7H10 agar supplemented with oleic acid,
albumin, dextrose catalase enrichment media, and 5% glycerol and incubated at
37°C for 5 weeks for the enumeration of CFU.

P. yoelii infection. Two weeks after being infected by aerosol with M. tubercu-
losis CDC1551, mice were infected by intraperitoneal injection with 10° P. yoelii
17XL-parasitized erythrocytes suspended in PBS. Parasitemia was monitored by
daily examination of Giemsa-stained thin smears of whole blood (47).

INFECT. IMMUN.

P. yoelii antigen preparation. P. yoelii 17XL-infected blood (~50% para-
sitemia) was washed three times and diluted in PBS to a final concentration of
10® parasitized erythrocytes/ml. The infected cells were lysed by repeated freeze-
thaw cycles, using liquid nitrogen, and the resulting lysate was stored at —80°C.

Cytokine production. Spleens from the five mice in each experimental group
were harvested and homogenized into single-cell suspensions. Spleen cells from
each group were pooled and washed in RPMI 1640 medium supplemented with
2% heat-inactivated fetal calf serum (Sigma). The erythrocytes were lysed with
NH,CI-Tris solution, and the cells were washed twice and resuspended in RPMI
1640 supplemented with 10% heat-inactivated fetal calf serum, 1% glutamine,
and 1% penicillin-streptomycin. Cells (5 X 10° cells/well) were aliquoted in
triplicate into 24-well tissue culture plates and cultured at 37°C in 5% CO, for
24 h in the presence or absence of phytohemoagglutinin (PHA; 10 pg/ml;
Sigma), Old Tuberculin (10 pg/ml; Colorado Serum Co.), P. yoelii 17XL lysate
(10° parasite equivalent), or erythrocyte lysate (control). Cell culture superna-
tants were harvested at 24°, centrifuged at 13,000 rpm for 5 min to remove
cellular debris, aliquoted, and stored at —80°C.

Cytokine ELISAs. Indirect sandwich enzyme-linked immunosorbent assays
(ELISAs; Quantikine) for IFN-y and TNF-a were conducted according to the
manufacturer’s instructions, using pairs of capture and detection antibodies
(R&D Systems).

Splenic microarray analysis. Three C57BL/6 mice from the four experimental
groups (uninfected, infected with tuberculosis, infected with malaria, and in-
fected with malaria and tuberculosis) were sacrificed at days 1, 3, and 5 after
infection with P. yoelii 17XL. A portion of each spleen was immediately snap
frozen in liquid nitrogen and stored at —80°C for RNA isolation. For RNA
extraction, spleens were manually homogenized in 1 ml Trizol (Invitrogen) and
subsequently processed according to the manufacturer’s protocol with the fol-
lowing modifications: 5 micrograms of glycogen was used as a carrier for isopro-
panol precipitation, and all centrifugation times were extended to 15 min. RNA
pellets were resuspended in 100 wl of nuclease-free water, and concentrations
were determined using spectophotometry (DU640; Beckman). Quality assess-
ment was done by RNA Nano LabChip analysis on a Bioanalyzer (model 1200;
Agilent). A QIAGEN RNeasy total cleanup protocol was subsequently per-
formed, followed by requantitation by spectrophotometry.

Processing of templates for analysis on the Murine Genome MOE430A Gene-
Chip was done in accordance with methods described in the Affymetrix Gene-
Chip Expression Analysis Technical Manual, Revision Three. Splenic RNA from
two mice for each time point and condition were hybridized into the arrays. Gene
expression data was preprocessed using the Affymetrix default settings and im-
ported into GeneSpring 6.2.1 or 7.2 (Agilent Technologies) for further analysis.
Gene expression patterns for each gene were normalized to the median array
intensity for all chips, and expression data from infected animals were normal-
ized to the expression levels from the uninfected control animals.

Real time PCR. Custom primer sets were generated for each target gene using
Primer Express software (Applied Biosystems): IFN-vy, 5'-GCTGCTGATGGG
AGGAGATG-3' and 5'-TGTCTGGCCTGCTGTTAAAGC-3'; IL-4, 5'-GGAG
ATGGATGTGCCAAACG-3" and 5'-CGAGCTCACTCTCTGTGGTGTT-3';
TGF-B, 5'-CTGGGACCCTGCCCCTATAT-3' and 5'-GGGCAAGGACCTTG
CTGTAC-3'; IL-12, 5'-ACGCAGCACTTCAGAATCACA-3" and 5'-CACCA
GCATGCCCTTGTCTA-3'; IL-10, 5'-TCTATTCTAAGGCTGGCCACACT-3'
and 5'-CAATTGAAAGGACACCATAGCAAA-3'; and a-actin, 5'-AGCCCC
ATGTGCCTTGTC-3’ and 5'-TGCCCTCTGCTGGACTTCTT-3'".

Total splenic RNA from four mice per group was reverse transcribed using the
SuperScript First-Strand Synthesis system for reverse transcription (RT)-PCR
(Invitrogen). cDNA was amplified for real-time detection with iQ Supermix
containing SYBR green, according to the manufacturer’s protocol (Bio-Rad).
Standard curves were generated, and quantities of each transcript were normal-
ized to the levels of the a-actin. Expression levels for each gene relative to the
values from the uninfected controls were reported.

Statistical analysis. Kruskal-Wallis analysis of variance was used to compare
gene expression patterns, and mean differences were considered statistically
significant if P was <0.05. Differences in survival were analyzed using the log
rank test. Unpaired ¢ tests were performed to assess differences in cytokine
production and mean parasitemia.

Additional data posted online. A table listing the genes of the immune system
differentially expressed in coinfected mice compared to those expressed in mice
with malaria only can be found at https://jshare johnshopkins.edu/kpage2/public
_html. Gene expression levels from splenic microarrays of mice infected with P.
yoelii 17XL, M. tuberculosis, or both at three different time points normalized to
those of the uninfected controls are shown.
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FIG. 1. Experimental design. Two groups of mice were aerosol infected with M. tuberculosis on day —14 or day —56. On day 0, one group of
mice with M. tuberculosis and another group of uninfected mice were given intraperitoneal injections with P. yoelii 17XL. Ten mice per group were
followed for survival and parasitemia. Five mice per group were sacrificed at days 1, 3, and 5 after infection with P. yoelii for microarray analysis

of the spleen and analysis of cytokine production.

RESULTS

Enhanced survival of C57BL/6 mice coinfected with M. fu-
berculosis and P. yoelii 17XL compared to that of mice infected
with P. yoelii 17XL alone. To assess the impact of an ongoing
infection with M. tuberculosis on the parasitic and immunologic
outcome of P. yoelii 17XL malaria, a model system was estab-
lished (Fig. 1). Mice were infected with M. tuberculosis CDC
1551 via a low-dose aerosol challenge that delivered 30 to 50
CFU to the lungs of each mouse. At days 14 or 52 postinfection
with M. tuberculosis, mice were challenged with 10° P. yoelii
17XL-parasitized erythrocytes by intraperitoneal injection.
Control groups included mice with M. tuberculosis-only infec-
tions or P. yoelii 17XL-only infections and noninfected animals.

CS57BL/6 mice infected with P. yoelii 17XL alone developed
a rapidly progressing parasitemia, reaching a level of >50%
parasitized erythrocytes at 7 days (Fig. 2A). In contrast, the
parasitemia in coinfected animals rose at a slower rate and
reached only 18% at day 7. The lower rate of parasitemia in
coinfected mice was associated with increased survival. Two
weeks after being infected with malaria, 90% of the coinfected
animals were alive compared to 40% of the animals infected
with P. yoelii 17XL alone (Fig. 2B). Furthermore, 28 days after
infection, 80% of the coinfected animals resolved their para-
sitemia completely, compared to 20% of the mice that received
only P. yoelii 17XL (Fig. 2C). After resolution of the malaria,
the recovered animals from both groups were resistant to re-
challenge with P. yoelii 17XL (data not shown).

In the murine model, the first 3 weeks of infection with M.
tuberculosis represent a period of exponential mycobacterial
growth, which is thought to mimic acute tuberculosis infection
in humans. In our mice, the average burden of disease 2 weeks
after low-dose aerosol infection was 10° CFU per lung and 10*
CFU per spleen. Since most M. tuberculosis infections in hu-
mans are chronic in nature, it was of interest to determine the
impact that a longer-term exposure to M. tuberculosis would
have on the ability of C57BI/6 mice to respond to subsequent
infection with malaria. Mice infected with M. tuberculosis 8
weeks prior to infection with P. yoelii 17XL exhibited a higher
survival rate (80%) after infection with P. yoelii 17XL than
mice infected with P. yoelii 17XL alone (40% survival rate)
(Fig. 2D). Thus, the M. tuberculosis-induced changes that result
in protection against challenge with malaria are established
during the first 2 weeks after the bacteria are instilled in the
lungs, and they persist for at least 8 weeks.

M. tuberculosis significantly enhances expression of genes
encoding proteins associated with type 1 immune responses.
Microarray-based expression analyses of cells from the spleens
of coinfected and singly infected animals were used to deter-
mine whether the observed alterations in parasitological out-
come could be correlated with differences in the expression of
genes associated with immunity. Gene expression in the
spleens of mice infected with M. tuberculosis only showed up-
regulation of several proinflammatory genes associated with
type 1 responses, including IFN-y, TNF-«, STAT 1, and other
IFN-y-inducible genes (Table 1).

To specifically evaluate immune responses that could ac-
count for the differences in malaria outcomes observed, our
analysis focused on the comparison between coinfected ani-
mals and those infected with P. yoelii alone. Of the ~34,000
genes represented on the array, 14,480 (~42%) had detectable
transcripts in at least one of the samples. Of these, 231 had
significant (P < 0.05) differences in expression levels between
coinfected mice and those infected with malaria only. The raw
gene expression signal was at least 200 U in 202 of 231 genes,
and 144 of 202 genes had at least a twofold difference in
expression from that of the uninfected controls (Fig. 3). Of
these 144 genes, 75 genes encoded proteins with ascribed im-
mune function. Subsequent analysis was based on the exami-
nation of the genes shown in Table 1 (40 out of 75 genes) and
in the table found at https://jshare.johnshopkins.edu/kpage2
/public_html (complete list of the 75 genes).

Overall, coinfected mice had an enhanced inflammatory re-
sponse compared to mice with malaria alone. A majority of the
75 genes were upregulated in the spleens of both coinfected
and malaria-only mice compared to those of the uninfected
controls; however, the degree of upregulation was significantly
higher in spleens from coinfected animals, particularly at day 5
(Table 1). We observed significant upregulation of genes as-
sociated with proinflammatory responses in coinfected animals
5 days after infection with P. yoelii 17XL, including chemokines
implicated in neutrophil recruitment (CCL2 and CX3CL1),
heat shock protein 1A, pre-B cell colony-enhancing factor 1
(PBEF1), and matrix metalloproteinases. Furthermore, there
was a dramatic upregulation of cytokines, chemokines, and
transcriptional factors associated with type 1 immune re-
sponses, such as IFN-y, TNF-a, CCL5, CXCL9, CXCLI10,
STAT 1 and STAT 3, IFN regulatory factors 1 and 2, NF-kB
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FIG. 2. M. tuberculosis infection protects C57BL/6 mice against lethal infection with P. yoelii 17XL. Two weeks after being infected with M.
tuberculosis CDC1551 by low-dose aerosol, mice were infected intraperitoneally with 10° P. yoelii 17XL-parasitized erythrocytes. Control mice were
infected with P. yoelii 17XL alone. (A) Results for coinfected C57BL/6 mice (Mtb and Py17XL, circles) and C57BL/6 mice infected with P. yoelii
17XL (Py17XL, squares) alone (P value = 0.007) are shown. (B) Improved survival rate in C57BL/6 mice coinfected with Mtb and Pyl17XL (P value
= 0.026) is indicated. (C) Coinfected C57BL/6 mice had complete resolution of parasitemia compared to those with malaria alone. (D) Chronic
infection with M. tuberculosis also protects C57BL/6 mice against infection with P. yoelii 17XL. Eight weeks after being infected with M. tuberculosis
CDC1551 by low-dose aerosol, mice were infected intraperitoneally with 10° P. yoelii 17XL-parasitized erythrocytes. Control mice were infected
with P. yoelii 17XL alone. The data shown is representative of 3 experiments with 10 mice included in each group. Bars represent the means *+

the standard errors of the means.

essential modulator, IkB¢, IkBa, and other IFN-y-inducible
genes (Table 1).

Only six genes with ascribed immune function were down-
regulated in coinfected mice compared to levels in mice in-
fected with malaria only, three of which encode for regulatory
molecules that inhibit T-cell activation. ROG (repressor of
GATA) expression peaked 5 days after infection with P. yoelii
17XL in mice with malaria only but was not overexpressed in
coinfected mice at any time point. Although the gene encoding
the FK506 binding protein was upregulated in both groups at
day 5 after P. yoelii 17XL infection, gene expression was Sig-
nificantly higher in mice with malaria alone. Likewise, the gene
encoding granzyme A, a cytolytic enzyme associated with
caspase-independent apoptosis, was more highly expressed at
day 5 in singly-infected animals.

However, a feedback loop leading to downregulation of in-
flammation was also apparent in coinfected mice. Five days

after infection with P. yoelii 17XL, suppressor of cytokine sig-
naling-1 (SOCS-1), caspase 7, and members of the B7 family
(B7-2 and PD-L1), which play a role in regulating T-cell acti-
vation and tolerance (19), were upregulated in coinfected mice
compared to levels in mice infected with malaria only. In-
creased expression of COX-2 in coinfected animals suggests
activation of prostaglandin-mediated anti-inflammatory path-
ways, which are associated with reduced pathology in both
murine and human malaria (4, 42).

Real-time PCR for microarray validation. We performed
real time RT-PCR using RNA samples from four mice per
group, two of which had been also tested by the arrays. In
concordance with our microarray data, 5 days after mice were
infected with P. yoelii 17XL, IFN-y expression was higher in
the coinfected animals than in those with malaria alone (P =
0.003) (Fig. 4A). As indicated by the gene array results, tran-
scription of interleukin-4 (IL-4), IL-12, and TGF-B was not
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TABLE 1. Genes of the immune system which are differentially expressed in co-infected mice compared to mice with malaria only*

GenBank  Gene Experimental

accession  Name Group Fold change**
number
Cytokines and chemokines Day 1 Day 3 Day s peilug***
Koooy3 IFN-y Mih 48 ] 22 0.0057
P yoelii 20 1.3 46
Py & Mib 26 1.3 152
NM_0113693 TNF Mib 0.8 34 49 00297
P. poelii 0.5 24 73
Py & Mib (1% ] oY 123
NM_008599 CXCLY Mib 57 38 56 0.0013
P poelii ’ 17.5
Py & Mib s 26.1
NM_021274 CXCLIO Mib 24 22 3n 0.0020
P. yoelii 0.6 " 13.7
Py & Mib 15 213
AFDG5933 CCL2 Mib 14 1.2 L4 0.0060
. yoelii 08 | 13.5
Pyi & Mrh 07 | 24.8
AFDI0586 ccLl Mih 09 0.8 L1 0.0189
P. yoelit 09 07 1.5
Py & Mib 1.0 1.0 26
NM_013653 CCLS Mih 1.3 L1 20 0.0257
P woelit 1.4 08 1.3
Py & Mib 14 1.0 20
Transcriptional factors
NM_008390 1FN regulatorviMith 1.3 09 08 0.0007
factor | P. yoelii 09 1.2 3l
Py & Mib 1.6 1.2 55
NM_019777 NEMO Mib 1.0 1.3 1.3 0.0167
. yoelii 08 26 i |
Py & Mib Ll 1.2 30
ABO26551 Ifi, Mih 1.1 L5 1.2 0.0257
P. yoelit U Lo 1.3
Py & Mib 10 1o 29
AMG2OLS Ixfa Mih 1.0 1.2 1.3 0.0292
P yoehi 07 1Ll 1.6
Py &M 1L Lo 26
AWZ140929 STAT | Mih 21 21 23 00297
P yoelit " 37
Pyt & Mib 55
NM_U08291  1FN regulatory Mib 0.8 11 1.4 wuITY
factor 2 P yveelit 0.7 11 1.7
Py & Mitb 07 1.2 23
Al325183 STAT3 Mib 1.2 14 1.7 (L0383
P poeli 08 Il 21
Py & Mib 1.2 1.3 26
LFN:y-inducibl
BM239K28  IFN inducible Mib 39 2.3 7 1.42E-05
GTPase | P yoelit 122
Py & Mib 221
NM_019440 IFN inducible Mib 32 2% 39 U.0003
GTPase 2 P. yoelit (184 56
Py & Mib 1.8 92
NM_008326  IFN inducible Mib 1.8 1.7 1.9 a.oon1
protein | P yoelii il LI 30
Py & Mib 14 I3 48
NM_011579  T-cell specific Mib 0.8 1% ] 09 00012
GTPase P yoelii 11 1.0 77
Py & Mrtb 23 26 10.3
NM_UI8738  IFN-g induced Airb kX 19 28 0.0029
GTPase P yoelii 0y 12 51
Py d& Mib 15 20 6.6
NM_010260 GBP 2 Mib 43 32 44 0.0030
P. yoelii 09 9.7
Py & Mitb 25 183
NM_018734 GBP 3 Mib 1.6 (K 20 0.0039
P. yoeli 10 36
Py & Mt 1.5 39
NM_010259 GBP | Mib 50 30 53 0.0087
P yoelii 1.4 “ 36
Py & Mib 23 13.2
NM_008330  1FN-y-inducibleMib 18 )7 1.9 0.0201
protein P. yoelii 1.0 11 50
Py Mib 13 1.6 63

GenBank  Gene Experimental

accession  _Name Group Fold change**
number
Begulation of immunity  Day 1 Dayd Day 5 Exalug***
M94967 COX 2 Mib 1.6 11 1.9 0.0008
P. yoelii 05 0.6 26
Py&mib 12 15 8.0
ABOOOTIO  SOCSI Mib 1.3 1.6 25 00101
P. yoelii 0.5 Ll 54
Py & Mib Il 1.5 10.9
BCU25541  Bel2-like 14 Mib 20 32 1.8 0.0106
P. yoelif 1.7 14 27
Py&mMib 17 24 45
NM_U21893 programmed Mib 16 1.7 19 00134
cell death P yoelii 08 12 5.1
ligand | Py & Mib 12 12 86
NM_019388 B7-2 Mib 14 1o 1.7 0.0288
P. yoelii 1.2 07 15
Py & Mib 1.2 ['E] 27
AKO15881  ROG Mib 02 09 0.9 0.0433
P. yoelif 0.6 10 33
Py & Mtb 1.3 I8 L6
NM_007611  caspase 7 Mib L1 1.3 1.2 0.0495
P. yoelii 1.0 Lo 14
Py & Mib 12 14 23
Qther immunemodulatory genes
NM_023137 ubiquitin D Adeb 42 32 34 0.0001
P. yoelii 10 L1 4.5
Py & Mib 1.7 18 139
NM_031167 ILI receplor  Mib 09 1.0 0.4 0.0002
antagonist P yoelii 04 22 32
Py & Mib 0.9 05 6.0
AW989410  PBEF | Mib 1.6 LY 1.9 0.0005
P. yoelii Lo 0.9 43
Py & Mib L1 L1 6.2
BCOOO#G2E  ICAM-1 Mib 1.3 (N 1.5 0.0030
P yoelii Lo 1.2 20
Py & Mib 11 L1 35
Al647987  BST-I Mib 0.8 21 29 0.0072
P yoelii L0 3 29
Pyd&Mib 02 08 15
BC024587  CDISWSLAMMIib 23 1.8 32 0.0079
member & P voelii 10 Lo i4
Py & Mib 20 L4 35
NM_019873  FR 500 bundinuith 10 12 21 0.0059
prot ke P yoelii 1.2 0.6 38
Pyd&Mib 12 0.9 21
M12573 HSP 1A Mib ] 16 I8 0.0107
P yoelii 1.2 07 43
Py& M L7 0.8 8.2
NM_010370  crnme A Mib 41 L8 1s 0.0114
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differentially changed in any of the treatment groups (data not
shown). Differences in IL-10 expression were not captured by
our microarray analysis, due to the low raw gene expression
signal (<200) of IL-10. However, real-time PCR showed a
significant upregulation of IL-10 with progression of malaria in
mice infected with P. yoelii 17XL only compared to coinfected
or M. tuberculosis-only animals (P = 0.009) (Fig. 4B).

Enhanced in vitro INF-y and TNF-a production by spleno-
cytes from coinfected mice. To determine whether the en-
hanced transcription identified by microarray and real-time
RT-PCR analyses resulted in an increase in translation of the
protein products, IFN-y and TNF-«a secretion was measured
from the splenocytes of coinfected, M. tuberculosis-only and P.
yoelii 17XL-only C56BL/6 mice at days 1, 3, and 5 post-malaria
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FIG. 3. Volcano plots of levels of differentially expressed genes in coinfected mice compared to those in mice with malaria only at days 1, 3,
and 5 after infection with P. yoelii 17XL. The horizontal axis represents fold regulation, and the vertical axis represents the P value. The genes
enclosed in the white box are greater than twofold upregulated (P < 0.05), and the genes enclosed in the dashed box are greater than twofold
downregulated compared to genes expressed in mice with malaria only. The number of significantly upregulated genes is greatest 5 days after
infection with P. yoelii 17XL. Relatively few genes are downregulated in coinfected mice compared to those in mice with malaria only.

challenge (Fig. 5). On days 1 and 3 after infection with P. yoelii
17XL, IFN-vy secretion in coinfected mice was below the level
of detection in unstimulated and PHA-stimulated splenocytes
and was detected at low levels in splenocytes stimulated with
tuberculin antigen (9 ng/ml on day 1 and 21 ng/ml on day 3). In
parallel with the transcription results (Table 1, Fig. 4), there
was higher IFN-y production in coinfected animals at day 5,
when the cells were cultured without stimulation (P = 0.01) or
stimulated with PHA (P = 0.07) (Fig. 5A and B). The lower
responses from the cells when exposed to crude malaria anti-
gen presumably reflect a combination of a low number of
antigen-specific cells and the short incubation time of the assay
(supernatants were collected at 24 h). Interestingly, stimula-
tion with tuberculin antigen resulted in significantly more
IFN-vy production from spleen cells from coinfected mice than
from those isolated from M. tuberculosis-only animals (P =
0.003) (Fig. 5C). As expected, there was no IFN-y production
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by spleen cells from mice infected with malaria only after
stimulation with tuberculin antigen.

The patterns of TNF-a protein secretion at days 3 and 5
post-P. yoelii 17XL infection (Fig. SE) were not totally consis-
tent with the transcriptional profiles detected on gene arrays
(Table 1). While there are inconsistencies between the protein
and transcription data, the trend for the coinfected animals to
have the most vigorous response holds for TNF-a as well (P =
0.019, unstimulated; P = 0.003, PHA-stimulated).

BALB/c mice are more susceptible to infection with P. yoelii
17XL than C57BL/6 mice and are not protected by coinfection
with M. tuberculosis. Next, we sought to determine the degree
to which the enhanced type 1 immune response observed in
coinfected animals might play a role in the outcome of malaria
infection. The high susceptibility of IFN-y- or inducible nitric
oxide gene-deletion mice to M. tuberculosis (12) precluded
their use in our experiments. Instead, we used BALB/c mice,
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FIG. 4. Gene expression patterns (determined by real-time PCR) of IFN-y (A) and IL-10 (B) in spleens of C57BL/6 mice infected with M.
tuberculosis (Mtb), P. yoelii 17XL (Py17XL), or both (Mtb & Py17XL). Gene expression data from infected animals were normalized to the

expression levels of uninfected controls sacrificed at each time point.
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FIG. 5. Enhanced IFN-y and TNF-a production in splenocytes from mice coinfected with M. tuberculosis and P. yoelii 17XL compared to that
in splenocytes from mice infected with P. yoelii 17XL alone, as measured by ELISA. Five mice per group were sacrificed at each time point. IFN-y
secretion by unstimulated splenocytes (A) and splenocytes stimulated with PHA (B), old tuberculin (C), P. yoelii lysate (D), and TNF-« secretion
by unstimulated (E) and PHA-stimulated (F) splenocytes was measured in the supernatants collected after 24 h of incubation. Mtb, mice infected
with M. tuberculosis; Py17XL, mice infected with P. yoelii 17XL; Mtb & Pyl17XL, mice infected with M. tuberculosis and P. yoelii 17XL. PI,

postinfection.
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FIG. 6. M. tuberculosis infection does not protect BALB/c mice against infection with P. yoelii 17XL. Two weeks after being infected via aerosol
with low-dose M. tuberculosis CDC1551, mice were infected intraperitoneally with 10° P. yoelii 17XL (Py17XL)-parasitized erythrocytes. Control
BALB/c and C57BL/6 mice were infected with P. yoelii 17XL only. (A) Mortality 14 days after mice were infected with P. yoelii 17XL was
significantly higher in BALB/c (diamonds) mice than in C57BL/6 (triangles) mice (P = 0.001). (B) Parasitemia in coinfected BALB/c mice (Mtb
& Py17XL, circles) and mice infected with P. yoelii 17XL (squares) was greater than 80% by day 7 in both groups. (C) By day 10, 100% mortality
was observed in both groups. The data shown is representative of two experiments with 10 mice included in each group. Bars represent the means

+ the standard errors of the means.

which are known to be more susceptible to M. tuberculosis than
C57BL/6 mice but do not succumb to the disease. BALB/c
mice mount a weaker type 1 response than C57BL/6 mice to
tuberculosis, with higher expression of type 2-associated cyto-
kines in their spleens (23, 27).

BALB/c mice were infected with P. yoelii 17XL at 2 or 8
weeks, following a low-dose aerosol exposure to M. tuberculo-
sis. At the time P. yoelii 17XL was injected, groups of M.
tuberculosis-uninfected BALB/c and C57BL/6 mice were also
infected with malaria. BALB/c mice were significantly more
susceptible to P. yoelii 17XL alone than C57BL/6 mice, with a
higher parasitemia at day 7 (mean, 87% and 58%), respectively)
and 100% mortality by day 10 (Fig. 6A). In contrast to
C57BL/6 mice, BALB/c mice received no protection against
malaria through coinfection with M. tuberculosis. Singly and
dually infected BALB/c mice had equally high parasitemia
(Fig. 6B) and mortality (Fig. 6C). Similar results were obtained
when BALB/c mice were chronically infected with M. tubercu-
losis for 8 weeks prior to infection with P. yoelii 17XL (data not
shown).

Gene expression pattern in spleens from BALB/c mice. To
evaluate differences in the immune responses of BALB/c and
C57BL/6 mice under the challenge conditions used here, the
transcription of a select group of cytokines, IFN-v, IL-4, IL-12,
IL-10, and TGF-B, from the spleen cells isolated 5 days post-
malaria challenge was evaluated (Fig. 7). The relative expres-
sion levels of IL-12, TGF-B, and IL-10 were similar between
BALB/c and C57BL/6 mice harboring infection with a single
pathogen or a coinfection. In mice infected with P. yoelii 17XL
only, IL-4 expression was significantly higher (P = 0.015) in
BALB/c mice than in C57BL/6 mice (Fig. 7 B), consistent with
published results (22). However, IL-4 expression levels were
comparable in coinfected BALB/c and C57BL/6 mice, a result
consistent with the known ability of M. tuberculosis to induce
Th1 responses and the capacity of Thl responses to counter-
regulate Th2 responses.

In animals infected with M. tuberculosis alone, IFN-y expres-
sion was slightly elevated in spleen cells from C57BL/6 mice

but nearly undetectable in the cells from BALB/c mice (Fig.
7A). P. yoelii 17XL-only infection resulted in similar levels of
INF-y transcription in the spleen cells from both mouse
strains, but coinfection effected a dramatic increase in IFN-y
expression in C57BL/6 mice compared to that in BALB/c mice
(P = 0.01). These results are consistent with the notion that
type 1 immune responses are attenuated in BALB/c mice com-
pared to those in C57BL/6 mice and suggest that the different
malarial outcomes observed in coinfected BALB/c and
C57BL/6 mice depend on the ability of M. tuberculosis to po-
tentiate type 1 responses to P. yoelii 17XL in susceptible and
resistant strains of mice.

DISCUSSION

In a murine model of malaria and tuberculosis coinfection,
we demonstrate significant protection against infection with P.
yoelii 17XL in C57BL/6 mice previously infected with M. tu-
berculosis. Coinfected animals had a lower parasitemia and
increased survival and displayed enhanced type 1 immune re-
sponses compared to mice infected with P. yoelii 17XL alone.
Our findings for C57BL/6 mice are consistent with older stud-
ies showing protection against malaria in animals infected with
mycobacteria (5, 6, 35, 52, 54). A previous study evaluating
coinfection in different strains of mice found that treatment
with BCG protected both genetically resistant and susceptible
mice against P. chabaudi (54). In contrast, we show that sus-
ceptible BALB/c mice are not protected against challenge with
P. yoelii 17XL by prior infection with M. tuberculosis. This is the
first study to demonstrate host-related differences in the im-
munopathologic outcome of Plasmodium and Mycobacterium
coinfection. Our findings indicate that potentiation of type 1
immune responses plays a protective role in coinfected resis-
tant mice.

Analysis of the gene expression profiles in spleens of in-
fected C57BL/6 mice showed that many genes encoding proin-
flammatory molecules were upregulated as the course of in-
fection with P. yoelii 17XL progressed. Enhanced expression of
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FIG. 7. Cytokine splenic expression pattern (real-time-PCR) in BALB/c and C57BL/6 mice infected with M. tuberculosis (Mtb), P. yoelii 17XL
(Py17XL), or both (Mtb & Py17XL). Mice were infected with M. tuberculosis CDC1551 2 weeks prior to being infected with P. yoelii 17XL. Spleens
were harvested on day 5 after the mice were infected with P. yoelii 17XL, and the gene expression data from the infected animals were normalized

to the expression levels from the same-strain uninfected controls.

type 1 immune response genes in C57BL/6 mice infected with
P. berghei ANKA has been described previously (49). In fact, a
number of genes upregulated during the course of infection
with P. yoelii 17XL were also found by other investigators to be
upregulated after infection with P. berghei ANKA (49). For
example, genes encoding transcriptional factors that regulate
interferon, such as STAT 1 and IFN-regulatory factor, were
upregulated during the course of both infections. Members
of the 47-kDa family (IFN-inducible GTPase, T-cell-specific
GTPase, and IFN-vy-inducible protein), which are important in
the host defense against intracellular pathogens (57), and type
1 chemokines and chemokine receptors (CXCL10 and CCLS)
were expressed after infection with either P. berghei ANKA or
P. yoelii 17XL.

In our coinfected C57BL/6 mice, we saw early upregulation
of some genes associated with type 1 immune responses
(CXCL9, CXCL10, STAT 1, IFN-inducible GTPase 1 and
GTPase 2, and guanylate nucleotide binding protein 1), but the
most dramatic difference in the transcriptional immune profile
between both groups was observed after 5 days of infection
with P. yoelii 17XL, immediately prior to the rapid increase in
parasitemia seen in both groups. Fewer genes encoding repre-
sentative type 2 cytokines were expressed than genes encoding
molecules typifying characteristic type 1 responses, which ac-
counted for 39 out of 75 differentially expressed immunoregu-
latory genes. In addition to increased expression of IFN-y and
TNF-«, which are classically associated with the host response

to mycobacteria, coinfected animals had upregulation of genes
encoding chemokines found in tuberculosis lymphadenitis
(CX3CL1) (13) and in activated M. tuberculosis-infected mac-
rophages (CCL5, CXCL9, and CXCL10) (1).

Overall, the gene expression data showed that prior infec-
tion with M. tuberculosis does not qualitatively alter the type of
immune responses elicited by P. yoelii 17XL but, instead, mea-
surably enhances the magnitude of type 1 responses. The as-
sociation between a dominant type 1 immune response and
protection from malaria in coinfected animals is consistent
with the established role of cell-mediated immunity in control-
ling the erythrocytic stage of the disease. Previous studies com-
paring cytokine production in lethal and nonlethal strains of P.
yoelii have revealed that an early IFN-y response is important
in controlling intraerythrocytic parasite replication (9). How-
ever, modulation of the inflammatory response may be impor-
tant as malaria progresses (3, 31). For example, a recent study
of malaria-filariae coinfection showed an association between
high IFN-vy responsiveness late in the course of infection with
P. chabaudi (18 to 20 days after infection) and severe malaria,
suggesting that prolonged type 1 responses are not advanta-
geous (15). Furthermore, the timing of TGF-B and IL-10 se-
cretion, which can modulate the immune response, may deter-
mine the outcome of infection with lethal and nonlethal strains
of P. yoelii (39). Although we did not detect differences in
TGF-B expression between coinfected mice and mice infected
with P. yoelii 17XL only by microarray analysis or RT-PCR, we
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detected upregulation of IL-10 by RT-PCR in mice infected
with P. yoelii 17XL alone.

The lack of protection observed in BALB/c mice coinfected
with M. tuberculosis and P. yoelii supports the hypothesis that
the protective effect in coinfected C57BL/6 mice is type 1
immune mediated. Classic studies in Leishmania have demon-
strated that BALB/c mice have type 2-biased immune re-
sponses compared to those of C57BL/6 mice (20, 46). Inter-
estingly, increased susceptibility of BALB/c mice to murine
cytomegalovirus has been attributed to the lack of Ly49H™
natural killer (NK) cells, which account for >80% of IFN-vy-
producing cells during murine cytomegalovirus infection in
C57BL/6 mice (8). Although the polarity of the immune re-
sponse to M. tuberculosis is not as clearly demarcated as in
Leishmania, BALB/c mice are more susceptible to M. tubercu-
losis infection than C57BL/6 mice and have a diminished gen-
eralized type 1 response with increased type 2 markers after
mycobacterial infections (27, 44, 58, 59). Cytokine profiles con-
firmed that BALB/c mice have lower IFN-y expression than
C57BL/6 mice when infected with M. fuberculosis and higher
IL-4 expression when infected with P. yoelii 17XL alone. Prior
infection with M. tuberculosis did not augment IFN-y expres-
sion in BALB/c mice with malaria as it did in coinfected
CS57BL mice, indicating that the inability to modulate the
course of malaria in BALB/c mice could result from the lack of
a robust type 1 response following infection with M. tubercu-
losis. The discrepancy of our data with previous findings show-
ing that BCG infection can modulate innate susceptibility to P.
chabaudi (54) may reflect differences in mouse strains and
species of coinfecting pathogens and suggests that different
immune mechanisms are playing a role in these two models.

Heterologous immunity has been best characterized in mu-
rine models of viral infections where cross-reactive memory
T-cells appear to play a critical role (60). Although we did not
directly measure the expansion of specific T-cell epitopes in
this model, our findings suggest that protection in coinfected
mice is not primarily mediated by cross-reactive memory T-
cells. For example, tuberculin or malarial antigens did not
stimulate IFN-y production by splenocytes from animals singly
infected with P. yoelii 17XL or M. tuberculosis, respectively.
Furthermore, protection against malaria in C57BL/6 mice oc-
curred prior to the onset of adaptive immunity to M. tubercu-
losis, as the outcome of malaria infection was the same regard-
less of whether mice were chronically or acutely infected with
M. tuberculosis. In a previously reported model of BCG and
Babesia microti coinfection, Clark and colleagues showed that
protection against B. microti was not affected by the length of
BCG infection, which ranged from 5 to 180 days, also suggest-
ing that protection is not primarily mediated by the adaptive
immune response elicited by mycobacteria (7). We postulate
that the enhanced type 1 response elicited by M. tuberculosis in
resistant coinfected C57BL/6 mice but not in susceptible coin-
fected BALB/c mice promotes a systemic immunologic milieu
that may prime the immune response against a second infec-
tion by enhancing both innate and pathogen-specific cellular
responses.

Our findings cannot be directly extrapolated to predict the
effect of coinfection on human malaria because there are sig-
nificant differences between the murine model of malaria and
human disease. Nonetheless, lethal P. yoelii infection may
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model important aspects of severe human erythrocytic disease.
Early TNF-a, IFN-vy, and nitric oxide responses are important
in parasite clearance in human disease (10, 28). In addition,
clinical vaccine trials have shown that adjuvants which enhance
cell-mediated immunity may improve the protective effect
against malaria (2, 30).

Despite the limitations of our model, we show that modu-
lation of infection can occur through the systemic activation of
immune responses elicited by an unrelated pathogen. Our
study corroborates the pioneering work by Clark and col-
leagues (6, 7) and provides new insight into protective immune
mechanisms which may play a role in the modulation of im-
mune responses by coinfecting organisms. In particular, as with
BCG infection (36), protection against lethal P. yoelii appears
to be mediated by the potentiation of type 1 immune responses
induced by M. tuberculosis. However, as evidenced by the lack
of protection in BALB/c mice, the immunomodulatory prop-
erties of M. tuberculosis are influenced by the host’s genetic
profile. These findings may have implications for regions of the
world where tuberculosis is coendemic with other infections.

Epidemiologic studies have found that vaccines such as M.
bovis BCG and measles, which predominantly elicit type 1
immune responses, may reduce childhood mortality beyond
the direct effect on their targeted diseases. In contrast, vaccines
such as DTP, which primarily elicit type 2 immune responses,
have the opposite effect (14, 29, 50). A recent retrospective
study found a reduced risk of death from malaria in children
with a BCG scar (45). However, this finding must be confirmed
in large prospective trials before any firm conclusions can be
drawn. Clark and colleagues showed that, in contrast to intra-
peritoneal or intravenous inoculation with BCG, subcutaneous
BCG vaccination did not protect mice against malaria (6),
suggesting that BCG vaccination in children may not be pro-
tective against malaria either. Our data indicates that the abil-
ity to mount polarized systemic responses may vary between
individuals, depending on genetic factors and prior infections.
Future studies may be warranted to specifically evaluate
whether infection with M. tuberculosis, exposure to environ-
mental mycobacteria, or M. bovis BCG vaccination may mod-
ulate systemic responses in humans and affect the outcome of
clinical malaria.
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