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Mycolic acids and structures attached to them constitute a major part of the protective envelope ofVlycobacterium
tuberculosis, and for this reason, their role in tuberculosis pathogenesis has been extensively studied. In this issue of the
JCI, Rao et al. examine the effect oftrans-cyclopropanation of oxygenated mycolic acids attached to trehalose dimycolate
(TDM) on the murine immune response to infection (see the related article beginning on page 1660). Surprisingly, they
found that an M. tuberculosis mutant lacking trans-cyclopropane rings was hypervirulent in mice. The recent recognition
of a hypervirulence phenotype in mice associated with laboratory and clinical M. tuberculosis strains with altered cell wall
components has provided new insights into how M. fuberculosis may establish persistent infection. However, to date,
characterization of these bioactive products in pathogenesis has been largely reductionistic; the relationship of their
effects observed in mice to the persistent infection and tuberculosis caused by M. tuberculosis observed in humans
remains obscure.
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Of mice, men, and elephants: Mycobacterium
tuberculosis cell envelope lipids and pathogenesis
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Mycolic acids and structures attached to them constitute a major part of
the protective envelope of Mycobacterium tuberculosis, and for this reason,
their role in tuberculosis pathogenesis has been extensively studied. In this
issue of the JCI, Rao et al. examine the effect of trans-cyclopropanation of
oxygenated mycolic acids attached to trehalose dimycolate (TDM) on the
murine immune response to infection (see the related article beginning on
page 1660). Surprisingly, they found that an M. tuberculosis mutant lacking
trans-cyclopropane rings was hypervirulent in mice. The recent recognition
of a hypervirulence phenotype in mice associated with laboratory and clini-
cal M. tuberculosis strains with altered cell wall components has provided new
insights into how M. tuberculosis may establish persistent infection. How-
ever, to date, characterization of these bioactive products in pathogenesis
has been largely reductionistic; the relationship of their effects observed in
mice to the persistent infection and tuberculosis caused by M. tuberculosis

observed in humans remains obscure.

The report by Rao et al. in this issue of the
JCI (1) represents the latest chapter in a
long history of studies examining the role
of Mycobacterium tuberculosis bioactive cell
envelope lipids in tuberculosis pathogen-
esis. To be sure, this history goes back more
than 50 years, when Middlebrook et al.
redescribed a characteristic broth-growth
morphology (first described by Robert
Koch in 1884) called cording associated with
virulent tubercle bacilli (2). Subsequently,
Hubert Bloch characterized the effect of
petroleum ether-extractable “cord factor”
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trehalose dimycolate.

Conflict of interest: The author has declared that no
conflict of interest exists.

Citation for this article: J. Clin. Invest. 116:1475-1478
(2006). d0i:10.1172/JC128734.

The Journal of Clinical Investigation

from M. tuberculosis on leukocyte migra-
tion and toxicity in mice (3). The toxicity
in mice was demonstrated only after serial
injections of the lipid extract, suggesting
that the disease involved cell-mediated
immunopathology (3). Ultimately, these
effects of cord factor were traced to the gly-
colipid trehalose dimycolate (TDM) (4, 5).
It later turned out that TDM is found in
pathogenic as well as saprophytic mycobac-
teria (6). Recent studies suggest, however,
that the relative composition and struc-
tural differences in TDM among different
mycobacteria influence the host animal
biologic response.

Mycolic acids and their effect on
host immune response

TDM is composed of a nonreducing sugar
trehalose covalently linked to mycolic acids.
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Mpyecolic acids are $-hydroxyl fatty acids with
an o-alkyl side chain (7) (Figure 1). The
M. tuberculosis cell wall contains 3 classes of
mycolic acids: a-, keto-, and methoxymy-
colates. a-Mycolic acid has 2 cyclopropane
rings, which are in the cis configuration (8,
9), while the keto- and methoxymycolates
have 1 ring each in either cis or trans config-
uration (10). In addition to trehalose, myco-
lates are linked to arabinogalactan, which
is covalently attached to the peptidoglycan
layer (Figure 1) (11).

The relative composition of oxygenated
mycolates influences the intramacrophage
growth rate of M. tuberculosis (12). Strains
lacking ketomycolates become reduced
in their ability to grow inside THP-1 cells
(12). Dubnau et al. reported that the
absence of keto- and methoxymycolates
leads to attenuation of M. tuberculosis in
mice (13). Wild-type M. bovis strains pos-
sess a complete set of mycolic acids, but
the vaccine strain M. bovis BCG-Pasteur
lacks methoxymycolates (13). These obser-
vations indicate that differences in the rel-
ative composition of mycolates can influ-
ence the host immune response.

The report by Rao et al. goes further and
shows that alteration in the trans-cyclopro-
pane rings of mycolic acids in TDM affects
the mouse immune response (1). They
showed that a cyclopropane mycolic acid
synthase 2 (cmaA2) mutant of M. tuberculo-
sis, which lacks trans-cyclopropane rings, is
hypervirulent in mice. Accelerated mortality
in mice was attributed to severe lung lesions
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resulting from the excessive inflammatory
response produced by the cmaA2 mutant.
In a clever experiment using surface lipid
extracts of the mutant and wild-type strains,
they showed that macrophages infected
with the delipidated wild-type strain
reconstituted with the lipid extract of the
mutant showed a 2-fold higher expression
of TNF-a than did macrophages infected
with the intact wild-type strain. The delipi-
dated mutant reconstituted with the wild-
type lipid extract exhibited the wild-type
phenotype. Thus, the hyperinflammatory
response could be specifically attributed to
the TDM lacking trans-cyclopropane rings.
The same group previously described
another cyclopropane synthase gene — pcaA
— that is needed for synthesis of the proxi-
mal cyclopropane ring of a-mycolic acid as
well as cord formation (14, 15). The M. tuber-
culosis pcaA mutant was attenuated in mice,
and TDM purified from it was hypoinflam-
matory (15). Thus, trans-cyclopropanation
of methoxy- and ketomycolic acids in TDM
and cis-cyclopropanation of a-mycolates in
M. tuberculosis appear to elicit opposite effects
on the immune response of mice. These find-
ings support the idea that fine structural dif-
ferences in TDM do influence clinical out-
come, at least in the mouse model.
Modulation of the host immune response
by M. tuberculosis cell envelope lipids is not
limited to mycolated products. Other prod-
ucts shown to influence host innate and
adaptive immune responses include lipo-
glycans such as lipoarabinomannan and
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Figure 1

Schematic representation of M. tuberculosis cell
envelope. Three forms of mycolic acids are depicted.
a-Mycolates are the most abundant form in M. tuber-
culosis (orange). It has 2 cyclopropane rings (tri-
angles) in cis configuration. Oxygenated mycolates
(keto- and methoxy-, shown in red) have one cyclo-
propane ring each that is in either cis or trans con-
figuration. They are covalently linked to the arabino-
galactan layer, which is linked to the peptidoglycan
layer. Other lipid complexes in the cell wall include
acy!l glycolipids (including TDM) and other complex
free lipids (e.g., phthiocerol dimycocerosate) as
well as sulfolipids. Lipoarabinomannan is shown
linked to the plasma membrane via a phosphodi-
ester bond. Rao et al. (1) found that the oxygenated
mycolates of a cmaA2 M. tuberculosis mutant lack
trans-cyclopropanated rings. Such a change could
affect the mycolate layer of the cell envelope, which
they claim causes a hyperinflammatory response in
mice. Figure adapted and modified with permission
from the Annual Review of Biochemistry (11) and
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lipomannan (16-18), a 19-kDa lipoprotein
that stimulates TLR2 (19), sulfolipids (20),
and the cell wall-associated complex free
lipid phthiocerol dimycocerosate (21-23).

The relationship between bioactive
lipids and the disease process
New genetic techniques applied to myco-
bacteria, as well as mycobacterial genomics
and advances in mass spectrometry of lipids,
have helped to describe the biologic effects of
these lipid-associated products in the host.
However, many overlapping and sometimes
contradictory observations have also obfus-
cated our understanding of the relationship
of these lipid products to M. tuberculosis’s
ability to establish infection and cause tuber-
culosis. It is not surprising that these cell
wall products have the observed effects on
host immunity. What is not known is how
changes in specific lipid structures or com-
position modify the whole bacterial cell wall
architecture, which in turn may affect how
the bacillus influences infection outcome
in a host. In many ways, approaches used to
examine bacterial products in isolation to
infer the pathogenic strategies of M. tubercu-
losis are reminiscent of the proverbial 6 blind
men trying to describe an elephant (see “The
Blind Men and the Elephant”). The relevance
of these observations to human infection —
spontaneous clearance, persistent infection,
rapidly progressive disease, and reactivation
disease — remains obscure.

In humans, M. tuberculosis elicits a variety
of clinical outcomes, even among those
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individuals with no apparent host-related
predisposing conditions. While M. tuber-
culosis strains characteristically show little
genetic heterogeneity, recent epidemiologic
studies suggest that some M. tuberculosis
strains have an enhanced ability to modify
the host cellular immune response (24-27).
Such strains are over-represented in cer-
tain communities. For example, strain
CDC1551 caused a large outbreak of tuber-
culosis in rural counties in Tennessee and
Kentucky in 1994-1996 (24). In mice, it
was found to produce an enhanced proin-
flammatory cytokine response (25). This
response was attributed to the apolar lipids
of this strain (25). Another strain (HN878),
a member of a clade belonging to the Bei-
jing family, caused a prison outbreak in
Texas (26). HN878 was found to express
a highly biologically active lipid species,
phenolic glycolipid (PGL), not detected in
M. tuberculosis strain CDC1551 or the labo-
ratory strain H37Rv (27). In the mouse
model, this strain exhibited “hyperlethal-
ity.” Disruption of the HN878 polyketide
synthase gene cluster pksI-pks15 led to loss
of PGL, which was associated with increased
release of TNF-a, IL-6, and IL-12 by macro-
phages infected with the mutant in vitro.
The investigators further showed that PGL
itself had an inhibitory effect on proinflam-
matory cytokine release by macrophages.
The above examples illustrate the rel-
evance of differing lipid profiles to human
disease. Large outbreaks were caused by
both CDC1551 and HN878, indicating that
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The blind men and the elephant

It was six men of Indostan

To learning much inclined,

Who went to see the Elephant
(Though all of them were blind),
That each by observation

Might satisfy his mind.

The First approached the Elephant,
And happening to fall

Against his broad and sturdy side,
At once began to bawl:

“God bless me! but the Elephant
Is very like a wall!”

The Second, feeling of the tusk,

Cried: “Ho! what have we here

So very round and smooth and sharp?
To me tis mighty clear

This wonder of an Elephant

Is very like a spear!”

these strains had distinct properties that
made them highly successful in transmit-
ting and causing disease in humans. Yet the
distinct biologic properties that were iden-
tified — lipid products — and their effect
in an animal model showed them to elicit
opposite responses. Wild-type CDC1551
elicited a strong Th1 type response, while
wild-type HN878 induced a diminished
Th1 type response and was hypervirulent
in mice. These distinct properties do not
appear to explain the strains’ success in the
human population.

Spectrum of host immune response
elicited by M. tuberculosis cell
envelope alteration

The above, seemingly contradictory observa-
tions actually serve to provide new insights
about tuberculosis pathogenesis. Recently,
M. tuberculosis H37Rv and Erdman strains
disrupted in a 13-gene operon called mcel
were shown to become hypervirulent in mice
(28). The mcel operon encodes components
of an ABC transporter, including a putative
lipoprotein, that are located in the cell wall.
Like HN878, the mcel operon mutants are
unable to elicit a strong Th1 type immune
response; they cause aberrant migration of
proinflammatory cells and are unable to
elicit organized granuloma formation in
mouse lungs. Thus, as is reported here by
Rao etal. (1), laboratory-constructed strains
of M. tuberculosis, with modified cell walls,
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The Third approached the animal,
And, happening to take

The squirming trunk within his hands,
Thus boldly up and spake:

“| see,” quoth he, “the Elephant

Is very like a snake!”

The Fourth reached out his eager hand,
And felt about the knee.

“What most this wondrous beast is like
Is mighty plain,” quoth he;

“Tis clear enough the Elephant

Is very like a tree!”

The Fifth, who chanced to touch the ear,
Said: “E’en the blindest man

Can tell what this resembles most;
Deny the fact who can,

This marvel of an Elephant

Is very like a fan!”

commentaries

The Sixth no sooner had begun
About the beast to grope,

Than, seizing on the swinging tail
That fell within his scope,

“I see,” quoth he, “the Elephant
Is very like a rope!”

And so these men of Indostan
Disputed loud and long,

Each in his own opinion

Exceeding stiff and strong,

Though each was partly in the right
And all were in the wrong!

Moral

So oft in theologic wars,
The disputants, | ween,

Rail on in utter ignorance,
Of what each other mean,
And prate about an Elephant
Not one of them has seen!

American poet John Godfrey Saxe (1816-1887), based on an Indian fable

can mimic the effect of different clinical iso-
lates on immunocompetent mice.

These studies with human clinical and
laboratory strains of M. tuberculosis show
that changes in the cell wall can elicit a
wide spectrum of immune responses in
mice that range from a hyperinflamma-
tory response (as in the case of the cmaA2
mutant), which can cause death, to a
hypoinflammatory response (as in the case
of HN878 and the mcel operon mutants),
which can also cause death in mice. For
M. tuberculosis to persist inside a host, an
intact granuloma comprised of just enough
proinflammatory cells to not be detrimen-
tal to the bacilli appears to be necessary.

It should be pointed out that cells that
comprise granulomas are mortal and that
they constantly undergo replacement.
Necrosis, a hallmark of tuberculosis disease,
results when the programmed cell death rate
in the granuloma exceeds cell replacement,
which triggers uncontrolled bacterial pro-
liferation. On the other hand, if the rate of
new proinflammatory cell migration to the
site of granulomas exceeds cell death rate,
a hyperinflammatory state is established.
In either case, these 2 extreme responses
are detrimental to the host and, ultimately,
to the bacilli. The variety of host immune
responses elicited by M. tuberculosis lipids sug-
gests that in a natural infection M. tuberculosis
can continually remodel its cell wall, perhaps
in response to granuloma cell turnover, in
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order to maintain the equilibrium of proin-
flammatory cells that make the granuloma
permissive for both the bacilli and the host.

The story of the role of M. tuberculosis bio-
active cell envelope lipids in host infection
began many years ago with a chapter describ-
ing the tail, or cord, of M. tuberculosis. Rao et
al. (1) have added a new chapter to this story
by describing the importance of the shape
of this tail. Hopefully, the next chapter can
begin to describe the whole elephant.
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Probing the role of stearoyl-CoA desaturase—1
In hepatic insulin resistance
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Previous studies using stearoyl-CoA desaturase-1-deficient (SCD1-defi-
cient) mice have shown that this enzyme plays an important role in many
diseases of altered cellular metabolism including obesity, insulin resistance,
and dyslipidemia. Although SCD1 activity is highest in lipogenic tissues
such as the liver and adipose tissue, it is also present at lower levels in most
tissues. To better understand the role of SCD1 in liver metabolism it is nec-
essary to explore SCD1 deficiency in a more focused, tissue-specific man-
ner. This commentary focuses on 2 recent studies published in the JCI that
address this question using antisense oligonucleotide inhibition of SCD1.
First, Jiang et al. have previously reported that long-term inhibition of SCD1
prevents the development of high-fat diet-induced obesity and hepatic ste-
atosis. Second, Gutiérrez-Juarez et al. show in this issue that short-term inhi-
bition of hepatic SCD1 is sufficient to prevent diet-induced hepatic insulin
resistance, signifying an important role of hepatic SCD1 in liver insulin sen-
sitivity (see related article beginning on page 1686).

Stearoyl-CoA desaturase (SCD) is the central
lipogenic enzyme catalyzing in vivo reactions
in the synthesis of monounsaturated fatty
acids (MUFAs), particularly oleate (C18:1n-9)
and palmitoleate (C16:1n-7), which are the
major MUFAs of membrane phospholipids,
triglycerides (TGs), wax esters, and choles-
teryl esters. Recent studies of SCD1 have

Nonstandard abbreviations used: ACC, acetyl-CoA
carboxylase; AMPK, AMP kinase; ASO, antisense oli-
gonucleotide; MUFA, monounsaturated fatty acid;
PTP1B, protein tyrosine phosphatase 1B; SCD, stearoyl-
CoA desaturase; TG, triglyceride.

Conflict of interest: The authors have declared that no
conflict of interest exists.

Citation for this article: J. Clin. Invest. 116:1478-1481
(2006). doi:10.1172/JCI28774.

1478 The Journal of Clinical Investigation  http://www.jci.org  Volume 116

Number 6

yielded many new insights into the biology
of lipid metabolism and have demonstrat-
ed that mice with a global deletion of Scd1
(ScdI-- mice) are resistant to high-fat diet-
induced obesity and glucose intolerance (1).
Scd1-/- mice also have increased hepatic fatty
acid oxidation and decreased lipogenic gene
expression (1). Furthermore, Scd1-/- mice
exhibit increased thermogenesis and insulin
signaling in skeletal muscle and brown adi-
pose tissue (2-4). Currently the mechanisms
leading to the phenotypes due to SCD defi-
ciency or overexpression in different tissues
are not understood; yet the findings so far
reveal that SCD1 is an important metabolic
control point in lipid metabolism and is a
promising drug target for the treatment of
the metabolic syndrome.

Can obesity and symptoms of the
metabolic syndrome be alleviated

by inhibition of SCD1?

In vivo antisense oligonucleotide (ASO)
reduction of target genes is a powerful tool for
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