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a  b  s  t  r  a  c  t

All  available  therapies  for  human  allergic  disease  target  IgE  mediated  pathologic  responses  after  IgE  has
been  produced.  We  are  developing  tetracyclines  as anti-allergy  drugs  to prevent  IgE  production,  based
on  our  findings  that  minocycline  or doxycycline  treatment  of  allergic  asthmatic  humans  significantly
improves  their  asthma  symptoms,  reduces  their  oral  steroid  requirements,  and  strongly  suppresses  their
ongoing  IgE  responses  (ELISA,  mast  cell  mediated  cutaneous  late  phase  responses);  the  tetracyclines
also  strongly  suppress  peak  IgE responses  of  BPO-KLH  sensitized  mice  (ELISPOT  assay,  ELISA,  skin  tests).
The  antibiotic  activity  of  the  tetracyclines  is  not  required  for suppression  of  IgE  responses;  inclusion
of  minocycline  or  doxycycline  in sterile  culture  prevents  anti-CD40/IL-4  mediated  induction  of  mem-
ory  IgE  responses  by  PBMC  of allergic  asthmatic  patients  (ELISA),  and  induction  of specific  memory  IgE
responses  by  spleen  cells  of  BPO-KLH  sensitized  mice  (ELISPOT  assay,  ELISA).  The  tetracyclines  affect
an  epsilon  specific  pathway  because  IgM,  IgG  and  IgA  responses  did  not  decrease.  Further,  in  humans,
DTH  responses  to  recall  antigens  did  not  decrease.  In  related  studies,  we  found  that  two  distinct  T  cell
subsets:  CD4+CD60  negative  and  CD8+CD60+  (CD60  is  a  ganglioside)  (humans)  and  CD4+  Asialo  GM1
ganglioside  negative  and  CD8+Asialo  GM1  ganglioside+  (mice),  both  are  required  for  induction  of  mem-
ory IgE  responses.  Phosphorylated  (phos)  p38  MAP  kinase,  but  not  phos  ERK  or  phos  JNK  expression
by  CD4+  and  CD8+,  including  CD8+CD60+,  T cells  is  increased  in allergic  asthmatic  humans,  as  is IL-4

and  IL-10  production.  The  tetracyclines  appear  to  target  T cell  pathways  to induce  suppression  of IgE
responses  because  they  suppress  phos  p38  MAP  kinase  expression  by  both  CD4+  and  CD8+,  including
CD8+CD60+,  T cell  subsets,  and  IL-4  and  IL-10,  while  upregulating  IL-2  and  IFN  gamma,  and  suppressing
IgE  responses.  Our  finding  that  tetracyclines  do not  require  antibiotic  activity  to suppress  IgE  responses
opens  the  door  to  development  of new  tetracycline-based  and  other  therapeutics  for  human  allergic
disease.
. Introduction

Allergic disorders including asthma, rhinoconjunctivitis, food
llergy, and atopic dermatitis affect a substantial proportion of

he general population [1].  The therapeutic armamentarium to
reat these conditions has been limited for many years. Recent
tudies of the effects of tetracyclines on allergic responses have

Abbreviations: MAPK, mitogen-activated protein kinase; PBMC, peripheral blood
ononuclear cells; BPO-KLH, benzylpenicilloyl-keyhole limpet hemocyanin; CMT,

hemically modified tetracyclines; ELISA, enzyme-linked immunosorbent assay;
LISPOT, enzyme-linked immunosorbant spot assay; JNK, c-jun N-terminal kinases;
RK, extracellular signal-regulated kinases; DTH, delayed type hypersensitivity; IL,
nterleukin; IFN, interferon; LPS, lipopolysaccharide; Treg, regulatory T cell; Th,
elper T cell; TNF, tumor necrosis factor; FOCIS, Federation of Clinical Immunology
ocieties.
∗ Corresponding author at: Department of Medicine, SUNY Downstate Medical
tr., Rm B6-515, Box 50, 450 Clarkson Ave., Brooklyn, NY 11203, USA.
el.: +1 718 270 2156; fax: +1 718 270 3289.

E-mail address: Rauno.Joks@downstate.edu (R. Joks).

043-6618/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.phrs.2011.04.001
© 2011 Elsevier Ltd. All rights reserved.

opened a new door to the potential treatment of allergy and
asthma.

1.1. Increasing prevalence of allergic disease

The prevalence of allergic disorders has doubled in ten to
fifteen years and now affects 10–15% of Western populations [1].  A
current explanation for the increase in allergic disease is offered
by the hygiene hypothesis [2].  Western societies have, for the
most part, successfully limited major infectious diseases (through
sanitary measures and vaccinations) with a possible inadvertent
adverse effect [3].  Such decrease in stimulation of the Th1 arm of the
immune system due to decrease in infectious stimuli, either bacte-
rial or viral, may  have led to skewing of immune responses towards
the allergen-specific IgE producing Th2 arm of the immune sys-

tem. Allergic disorders such as allergic rhinitis and asthma result,
in part, when allergen-specific IgE binds to its receptors on the
surfaces of mast cells and basophils [4].  Subsequent exposure to
allergens in the airways results in the release of histamine and

dx.doi.org/10.1016/j.phrs.2011.04.001
http://www.sciencedirect.com/science/journal/10436618
http://www.elsevier.com/locate/yphrs
mailto:Rauno.Joks@downstate.edu
dx.doi.org/10.1016/j.phrs.2011.04.001
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ther mediators that are involved in the eosinophilic inflammation
nd airway hyperreactivity thought to be characteristic of asthma
4].

.2. Inner city allergy and asthma—unmet needs

State University of New York Downstate Medical Center, located
n Brooklyn, serves a large population of racial and ethnic minori-
ies of low socioeconomic status residing in an urban environment,

 population that is disproportionately at high risk for asthma mor-
idity and mortality [5,6]. Epidemiologic studies suggest that key
isk factors contributing to asthma morbidity within the inner city
nclude social demography, the physical environment (indoor and
utdoor), and health care access and quality [7].  Death from asthma
s two to six times more likely to occur among African Americans
nd Hispanics than among whites [8,9]. Rates of hospitalization for
sthma demonstrate similar variations; rates for African Americans
ospitalized are almost triple those for whites [8,9]. For children

iving in the inner city, asthma tends to be more frequent and
evere. Although the number of deaths annually from asthma is
ow compared to other chronic diseases, the death rate for children
ged 5–14 years and young adults aged 15–34 years doubled from
979–80 to 1993–95 [8,9].

Recent studies at our institution [10,11] have shown a high
revalence of self-reported food allergy. Adult and pediatric
atients seen at our institution for non-allergy reasons report that
2.9% and 20.5%, respectively, have food allergy symptoms. Both
dult and pediatric groups show a strong correlation between
ood allergy symptoms and asthma [10,11]. This cohort of asthma
atients, vulnerable to increased morbidity and mortality from
sthma, has been understudied with respect to new treatments for
sthma.

.3. Current therapies for allergic asthma

The mainstay of treatment of asthma at present is inhaled corti-
osteroid therapy [12]. While inhaled corticosteroids are effective,
ates of adherence are low and they do not seem to modify the
ourse of the disease. All inhaled corticosteroids are absorbed in the
ung and might have systemic effects [12]. Ciclesonide is a recently
ntroduced inhaled steroid that is a pro-drug activated by esterases
nd may  be safer with fewer systemic effects [13]. While it has been
pproved for treatment of allergic rhinitis and asthma, its long term
ffects are not known.

The only currently available treatment approved specifically for
llergic asthma is omalizumab, an anti-IgE monoclonal antibody
njected once or twice per month. It is a useful adjunct for allergic
sthma [14]. However, omalizumab is an expensive treatment that
s not easily obtainable for many patients.

While investigation of inflammatory mediator antagonists is
n active area of research, the only ones currently approved and
vailable are the anti-leukotriene agents. As a group these are
onsidered weakly effective and may  not contribute much to treat-
ent of severe asthma [15]. Studies of treatment of asthma with

nti-TNF biologic agents such as etanercept and infliximab have
emonstrated benefit, but are not approved for asthma, are expen-
ive, and may  only be beneficial in the treatment of severe asthma
15]. Experimental agents that inhibit phosphodiesterase dampen
nflammatory responses in a wide range of cells involved in airway
nflammation. In studies done by Bousquet et al. [16], there was

ecrease in allergen induced responses in asthma after treatment
ith roflumilast. However, the side effect profile of this class of
rugs is limiting and includes both upper and lower gastrointestinal
ffects and headaches [15].
l Research 64 (2011) 602– 609 603

1.4. Mechanisms of allergic inflammation—controlling IgE

Current therapies, including omalizumab (anti-IgE monoclonal
antibody), target cellular and clinical sequelae of IgE after it has
been produced and binds to its cellular receptors [15]—i.e. a post-
factum approach rather than decreasing IgE responses at the level
of IgE production.

While IgE is central to the immune processes resulting in allergic
disease such as asthma [17–21],  there is, at present, no commer-
cially available drug that decreases human IgE responses at the
level of IgE production. As reviewed by Blaser and colleagues [22],
there has been an ongoing effort in this area. Promising approaches
to decreasing IgE responses include blockage of IL-4 and IL-13,
and targeting of GATA-3, the major transcription factor controlling
Th2 associated cytokines, with antisense message [22]. Strategies
for augmenting natural CD4+CD25+ FoxP3+ regulatory T cells may
result in suppression of allergen specific Th2 responses [22].

2. Minocycline as asthma therapy

Our studies of the role of tetracyclines (minocycline, doxycy-
cline, chemically modified tetracyclines [CMT]) in the regulation
of human and murine IgE responses began when we discovered
that treatment of allergic asthmatic patients with minocycline sig-
nificantly improved their asthma symptoms, had significant oral
steroid sparing effects, and improved their spirometric outcomes
[23], findings which indicate the potential usefulness of minocy-
cline as therapy for allergic disease and asthma. Our randomized,
double-blind, placebo-controlled, crossover study was conducted
in 17 adult patients with moderate and severe persistent asthma
with a history of current or recurrent use of oral corticosteroids.
The subjects were maintained on their baseline drug regimens for
asthma, including inhaled corticosteroids, throughout the study,
with the exception of prednisone, the doses of which were self-
adjusted by the patients, according to their symptoms [23]. The
patients were treated for eight weeks with either minocycline
(150 mg  po twice daily) or placebo, followed by a four week period
in which no treatment was given (wash out). They were then
treated for another eight weeks with the alternate therapy. The
patients did not have evidence of sinusitis at baseline before com-
mencing treatment. They also did not have Mycoplasma pneumoniae
or Chlamydia pneumoniae infections of the respiratory tract at
baseline before each treatment arm. Minocycline compared with
placebo treatment was associated with improved patient health,
as judged by symptom scores, ∼40% reduction in mean daily pred-
nisone use, and improvement in forced vital capacity [23] (Table 1).
Interestingly, similar treatment of allergic asthmatic patients with
chronic obstructive pulmonary disease (COPD) did not produce
these effects (Joks, unpublished studies).

The mechanisms by which minocycline treatment improved
health of allergic asthmatic patients were investigated. We  studied
the ability of minocycline to suppress ongoing human and murine
IgE responses, as well as their ability to suppress in vitro induction
of specific memory IgE responses by PBMC of ragweed sensitized
allergic asthmatic humans and by spleen and mesenteric lymph
node cells of BPO-KLH sensitized mice.

3. Tetracycline mediated suppression of ongoing IgE
responses of allergic asthmatic humans, BPO-KLH sensitized
mice, and toluene-diisothiocyanate sensitized mice
3.1. Allergic asthmatic humans

We  found that when allergic asthmatic patients (serum IgE
505 ± 535 IU/ml) were given minocycline (150–250 mg  po BID) as
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Table  1
Clinical studies assessing the use of tetracyclines as anti-allergy and asthma drugs.

Identification Title Status

ClinicalTrials.gov NCT00456677 Evaluation of the Utility of Minocycline as an Anti-Inflammatory Agent in the Treatment of
Asthma

Closed

ClinicalTrials.gov NCT00536042 Open-label Trial of the Use of Minocycline in the Treatment of Asthma Ongoing
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SUNY  Downstate IRB 08-097 Evaluation of Minocycline Treatm
Aeroallergens And Recall Antigen

SUNY Downstate IRB 09-032 Effect of Topical Minocycline on I

dd on therapy to standard care for up to ten months, their ongoing
erum IgE responses first decreased at 1–2 months (∼20%), further
ecreased at 4–6 months, and were still suppressed at 10 months
47.6 ± 14.7%) (p = 0.012) (ELISA) (Fig. 1) [24]. In contrast to the

inocycline group, serum IgE levels of the control group (serum
gE > 100–1146 IU/ml) were not suppressed. Important to its poten-
ial as an anti-allergy drug, minocycline appears to affect an epsilon
pecific pathway (i.e. the IgE pathway), because IgM, IgG and IgA
esponses did not decrease. Further, minocycline did not inter-
ere with delayed type hypersensitivity responses to recall antigens
25]. IgE responses which are inhibited by minocycline also include
utaneous mast cell mediated late phase responses [25].

With respect to the doses of minocycline used in these stud-
es, the regimen selected was that previously used by others to
reat patients with rheumatoid arthritis [26]. It is well recognized
hat minocycline can cause side effects such as nausea or dizzi-

ess [26,27]. Therefore, if a subject had either of these symptoms,
he/he was advised to decrease the dose by first discontinuing the
0 mg  capsule of their 150 mg  twice daily dosing. If side effects
ersisted, the patient discontinued the 100 mg  capsule and contin-

ig. 1. Effect of oral minocycline treatment on serum immunoglobulin (IgM, IgG, IgE, an
ere  given minocycline (150-250 mg  po (per os (by mouth)) BID (bis in die) (twice daily)

n  = 8) received standard therapy. Serum IgE and IgM, IgG, IgA levels of all subjects were
uoroenzymeimmunoassay and nephelometry, respectively). IgE levels of minocycline tre
reated subjects are shown in panel C and controls in panel D. IgM and IgA levels, like IgG 

data  not shown). Data for IgE are expressed as IU/ml; for IgG, mg/dl.
oks et al. [24]. Reproduced with permission.
n Development of Late Phase Cutaneous Responses to Ongoing

iate and Late Phase Allergic Skin Responses Ongoing

ued only with the 50 mg  capsule twice daily [24]. This approach
optimized dosing and assured potential for maximum benefit with
minimal adverse effects. Data presented in Fig. 1 are for patients
who  completed the ten month clinical trial [24].

3.2. BPO-KLH sensitized mice

It was  important to develop a mouse model in which varying
regimens of minocycline, doxycycline, and CMTs could be tested for
their ability to suppress IgE production and to determine toxicity,
etc. which is required for development of new anti-allergy drugs
for eventual use in humans. The mouse model also is used to define
mechanisms by which tetracycline suppresses production of IgE
by B cells. We  selected a well established mouse model in which
to test the ability of tetracyclines to suppress ongoing (including
memory) IgE responses [28,29]. Use of the mouse model allows us

to monitor IgE production by B cells in lymphoid organs and related
immune responses (other cells/cytokines) required for induction
of, and suppression of IgE responses, as well as changing levels of
serum IgE.

d IgA) levels of allergic asthmatic humans. Adult allergic asthmatic subjects (n = 6)
) as add-on to standard therapy for up to 1 year. Control allergic asthmatic subjects

 measured before and monthly after initiation of minocycline treatment (total IgE
ated subjects are shown in panel A, and controls in panel B; IgG levels of minocycline
levels, did not significantly change in minocycline treated or control groups (p = ns)



R. Joks, H.G. Durkin / Pharmacological Research 64 (2011) 602– 609 605

Fig. 2. Effect of oral minocycline and doxycycline given at the peak of the BPO-specific IgE response in vivo on antibody forming cell (AFC) (IgG1, IgE, and IgA) responses
in  mesenteric lymph nodes and spleen of BPO-KLH sensitized mice (ELISPOT assay). BALB/c mice (n = 6/group) were injected ip with BPO14-KLH (10 �g) in alum (0.2 mL) on
days  0, 21 and 43, fed (gavage) with minocycline or doxycycline (10–100 mg/kg) or with saline on day 44, and killed on days 46–70, at which times the numbers of BPO
specific IgG1 (data not shown), IgE and IgA AFC in mesenteric lymph node and spleen were determined ex vivo in ELISPOT assay using BPO-BSA coated plates. Representative
experiment, 1 of 3 with similar results. Data are from 6 mice/group, and represent mean values obtained with triplicate wells. Data are expressed as AFC/107 cells. Similar
r line) 

s oxycy
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w
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esults  obtained with doxycycline are not shown. With minocycline (and doxycyc
uppression of IgE responses (>95% on day 46) was obtained with minocycline (or d
oks  et al. [24]. Reproduced with permission.

As in our earlier studies [30], to induce peak IgE responses,
e injected BALB/c mice intraperitoneally with 10 �g

enzylpenicilloyl14-keyhole limpet hemocyanin (BPO14-KLH)

n alum on days 0, 21 and 42 [28,29]. Mice were fed (gavage) with
arying doses of minocycline or doxycycline (10–100 mg/kg) on
ay 44, and killed on days 46–70, at which time the numbers of
PO specific IgE, IgG1 and IgA antibody forming cells (AFC) in
treatment, IgG1, like IgA, AFC numbers did not decrease. In all experiments, peak
cline) at 100 and 50 mg/kg.

mesenteric lymph nodes and spleen and serum immunoglobulin
levels were determined (ELISPOT assay, ELISA) (Fig. 2) [28,29].

We  found that minocycline (and doxycycline) strongly sup-

pressed peak IgE AFC and serum IgE responses (>95%, ∼75%,
respectively) [24]. Suppression of IgE responses in vivo was  dose
dependent and lasted 5–7 days, when IgE responses increased with-
out boosting. If animals were then boosted, and then fed again with
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inocycline, their IgE responses again decreased (Durkin, unpub-
ished studies). It is important to emphasize that, as in our human
tudies (see Section 3.1), minocycline (and doxycycline) affect
psilon specific pathways because treatment of mice with these
etracyclines did not suppress responses of other immunoglobulin
sotypes (IgGl or IgA) in lymphoid organs or in serum [24]. Mice
olerated the treatment well and resumed feeding within an hour
24].

.3. Toluene-diisothiocyanate induced murine model of asthma

Lee et al. [31] reported that doxycycline, as well as other known
atrix metalloprotease (MMP)  inhibitors, reduced airway hyper-

esponsiveness, inflammation, and levels of airway MMP-9, which
ay  play a role in airway remodeling in asthma [32], in mice with

oluene diisothiocyanate-induced asthma [31].

. Tetracycline mediated suppression of murine memory
gE responses in vitro

.1. BPO-specific memory IgE responses by murine spleen and
esenteric lymph node cells

To induce memory IgE responses in vitro, spleen or mesenteric
ymph node cells from BPO14-KLH immunized mice (see Section
.2) were obtained on day 42 (mice were not treated with minocy-
line in vivo) and cultured for 0–12 days ± varying concentrations
f BPO25-KLH; peak memory IgE responses occurred with BPO25-
LH at 50 ng/ml [24]. We  found that inclusion of minocycline (or
oxycycline) (100 ng/ml) in culture strongly suppressed induction
f memory IgE AFC responses (ELISPOT assay). The suppression
btained was dose dependent [24]. It was IgE isotype specific
ecause BPO-specific memory IgGl and IgA AFC responses did not
ecrease [24]. It was transient, lasting 5–7 days.

.2. LPS-IL-4 induction of IgE responses by murine splenocytes

Bottaro and colleagues [33] demonstrated that doxycycline
nhibited IL-4 mediated in vitro induction of IgE production by

urine spleen cells. Primary mouse splenocytes (C57Bl/6 or BALB/c
ice) were cultured in medium containing LPS/dextran, with or
ithout the addition of IL-4. At day 5, activated B cell blasts were
arvested and analyzed for expression of Ig isotypes with flow
ytometry. Treatment with 5 �g/ml doxycycline resulted in a sig-
ificant decrease in the percentage of IgE + lymphoblasts to 14% of
aseline.

. IgE and related immune responses (cells/cytokines/signal
ransduction) of allergic asthmatic humans before

inocycline treatment

We  made several new findings with respect to cells, cytokines
nd signal transduction required for induction and/or maintenance
f ongoing, including memory, IgE responses of allergic asthmatic
umans. In Section 7, we will describe the ability of minocycline to
uppress cytokines and signal transduction related to suppression
f IgE responses.

.1. Requirement for two distinct T cell subsets: CD4+ and CD8+
nd their cytokines for induction of memory IgE responses by
BMC of ragweed sensitized humans
It is well recognized that CD4+ T cells and their cytokines (IL-4,
L-13) are required for induction of human IgE responses in vivo and
n vitro (reviewed in Refs. [34,35]). We  recently discovered that two
l Research 64 (2011) 602– 609

distinct T cell subsets: CD4+ and CD8+CD60+, and their cytokines
are required for induction of human ragweed specific memory IgE
responses [36]. Smith-Norowitz et al. in our laboratory was the first
to demonstrate that CD8+CD60+ (80–98% CD45RO+) T cell numbers
were significantly increased in blood of serum IgE+ ragweed sensi-
tized humans obtained during ragweed allergy season, compared
with serum IgE-nonallergic humans [36]. Their CD8+CD60+ T cells,
like their CD4+ T cells, produced IL-4. In addition, the CD8+CD60+
T cells also produced IL-5,IL-10, IL-12, IFN alpha and IFN gamma,
and, sometimes, IL-2, but not IL-6 or IL-13; unfractionated PBMC of
the same humans produced the same cytokines [36]. When PBMC
from the ragweed sensitized humans are cultured for 10 days with
ragweed antigen, memory IgE responses are induced. However,
depletion of either CD4+ or CD8+CD60+ T cells before culture, or
inclusion of antibodies to either IL-2, IL-4, IL-5, IL-10, IL-12, IFN
alpha or IFN gamma  in culture abrogated the ability to induce rag-
weed specific memory IgE responses. The ability to induce memory
IgE responses was restored by adding back the depleted subset [36].
Interestingly, although CD8+CD60+ T cells added back to cultures
in low numbers restored ability to induce memory IgE responses
by PBMC depleted of these cells, addition of higher numbers (but
still low numbers) of these cells to cultures suppressed induction
of memory IgE responses, suggesting involvement of a feedback
mechanism, and that CD8+CD60+ T cells may  serve as Treg cells
[36].

5.2. Inverse relationship of human CD8+CD60+ T cells to
CD4+CD25+ Treg cells in human blood

When we  studied the distributions of CD8+CD60+ T cells and
CD4+CD25+ T cells in blood of ragweed sensitized allergic asthmatic
patients over a period of >one year, we  found that their distributions
vary greatly at different times of the year [36]. For example, there
is a statistically significant increase in the numbers of CD8+CD60+
CD45RO+ T cells in blood of serum IgE+ ragweed sensitized aller-
gic asthmatic humans at the peak of the ragweed allergy season,
whereas after ragweed allergy season, the numbers of these cells
dramatically decrease, and relatively few of the CD8+CD60+ T cells
present in blood outside ragweed allergy season express the mem-
ory marker, CD45RO [36]. Interestingly, during ragweed allergy
season, when numbers of blood CD8+CD60+ (CD45RO+) are high,
numbers of CD4+CD25+ Treg cells are low or undetectable. In con-
trast, at other times of the year, i.e. not in ragweed allergy season,
when numbers of CD8+CD60+ T cells are low, and those present
express CD45RA rather than CD45RO, the numbers of CD4+CD25+
T cells are increased [36]. We  are studying the ability of CD4+CD25+
T cells obtained from ragweed sensitized humans throughout the
year to suppress memory IgE responses.

5.3. CD4+ and CD8+ blood T cells of allergic asthmatic humans
express increased levels of phosphorylated p38 MAP  kinase
compared with serum IgE negative nonallergic humans

Adcock et al. [37] demonstrated that the T cell transcription fac-
tor, GATA-3, regulates release of IL-4, IL-5 and IL-13 by cells of a
human T cell line (HUT-78). In these cells, translocation of GATA-
3 to the nucleus and its regulation of IL-4, IL-5 and IL-13 genes
depend on phosphorylation of GATA-3 by p38 MAP kinase [37]. Sil-
verberg et al. in our laboratory (Silverberg et al. [49]) recently found
that virtually all peripheral blood PBMC (CD4+ and CD8+ T cells,
CD19+ B cells, CD14+ monocytes) of allergic asthmatic humans
and serum IgE negative nonallergic humans express phosphory-

lated p38 MAP  kinase and phosphorylated ERK, with fewer of these
cells expressing phosphorylated JNK. Interestingly, we found that
CD4+ and CD8+ T cells, including CD8+CD60+ T cells, of allergic asth-
matic humans, which are required for memory IgE responses (see
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Fig. 3. IgE production in vitro by PBMC from asthmatic and nonasthmatic sub-
jects after tetracycline treatment. Human PBMC (1.5 × 106 mL−1) were obtained
from  asthmatic and nonasthmatic subjects and cultured ± anti-CD40 mAb (1 �g/ml),
±rhIL-4 (200 U/ml), in the presence or absence of minocycline (10 �g/ml) or doxy-
cycline (10 �g/ml) for 10 days. High levels of IgE obtained on day 10 in the absence
of tetracyclines were strongly suppressed when tetracyclines were included in cul-
tures of PBMC from asthmatic patients. There was no change in IgE levels when
tetracyclines were included in cultures of PBMC from nonasthmatic subjects. Results
are  from 12 experiments, repeated three times, using PBMC obtained from asth-
matic subjects (n = 5) and nonasthmatic subjects (n = 7). Data are expressed as
R. Joks, H.G. Durkin / Pharmaco

ection 5.1), expressed significantly higher levels of phosphory-
ated p38 MAP  kinase, compared with T cells of serum IgE negative
onallergic humans (Silverberg et al. [49]).

.4. Phosphorylated p38 MAP  kinase levels expressed by blood T
ells of allergic asthmatic humans are directly associated with
heir serum IgE levels

In these studies (Silverberg et al. [49]), we also found that the
ncreased levels of phosphorylated p38 MAP  kinase expressed by
D4+ and CD8+ T cells, including CD8+CD60+ T cells, which are
equired for induction of memory IgE responses of allergic asth-
atic humans (see Section 5.1), further increase as serum IgE levels

ncrease, suggesting that increased activity of this phosphorylated
38 MAP  kinase in CD4+ and CD8+, including CD8+CD60+, T cells

s related to or responsible for increases in serum IgE production
Silverberg et al. [49]).

. Minocycline mediated suppression of ongoing IgE
esponses and related immune responses (T cell cytokines,
ignaling molecules) of allergic asthmatic humans in vivo
nd in vitro

.1. IgE and cytokine responses

We previously reported that if allergic asthmatic humans were
iven minocycline treatment for 10 months, their ongoing IgE
esponses were strongly suppressed (∼50%) [24]. After one month
f treatment, their IgE responses begin to decrease (∼20%); at one
eek of treatment, no suppression is observed (<10%) (Silverberg,
npublished studies). As described in Section 5.1,  PBMC of rag-
eed sensitized allergic asthmatic humans make IL-2, IL-4, IL-5,

L-10, IL-12, IFN gamma and IFN alpha in ragweed allergy season;
hey do not make IL-13 or IL-6 [36]. PBMC obtained from other IgE
roducing allergic asthmatic humans outside of ragweed allergy
eason, whether or not they are sensitized to ragweed, make IL-
, IL-10, IL-12, IFN alpha, but not IL-2 or IFN gamma  (or IL-13 or
L-6). When the latter subjects are given oral minocycline treat-

ent for one week or one month (no suppression of IgE responses,
20% suppression, respectively), IL-2 and IFN gamma  producing

ells appeared in blood, with no changes in cells producing the
ther cytokines (IL-4, IL-10, IL-12, IFN alpha) [38]. If PBMC obtained
rom the same humans were cultured for 0–12 days in the pres-
nce of anti-CD40/rhIL-4, IgE responses were induced, and peaked
t day 10. However, inclusion of minocycline in culture abrogated
he ability of anti-CD40/rhIL-4 to induce IgE responses and PBMC
ow made IL-2 and IFN gamma, but no longer made IL-4 or IL-10;
he other cytokines were unchanged [38].

.2. Phosphorylated MAP  kinases: p38, ERK, and JNK

We  found that virtually all PBMC (T and B lymphocytes, mono-
ytes) of allergic asthmatic and IgE negative nonallergic humans
>98%) expressed the phosphorylated MAP  kinases, p38 and ERK;
bout 50% of cells of these subsets also expressed JNK (flow cytom-
try) (Silverberg et al. [49]). Minocycline treatment of allergic
sthmatic humans for one week had no effect on the numbers
f PBMC expressing these markers. However, when levels of
xpression of the phosphorylated MAP  kinases/cell subset were
etermined (MESF, flow cytometry), an entirely different pic-
ure emerged. Minocycline treatment for one week resulted in

tatistically significant suppression of levels of expression of phos-
horylated p38 MAP  kinase by CD4+ and CD8+ T cells, but not in
heir levels of expression of ERK or JNK (Silverberg et al. [49]). There
as no statistically significant suppression of levels of expression
ng/ml ± standard error (SE).
Smith-Norowitz et al. [40]. Reproduced with permission.

of the phosphorylated MAP  kinases p38, ERK or JNK by B cells or
monocytes.

To further investigate the role of T cells in minocycline mediated
suppression of IgE responses in vitro, we used anti-CD40/rhIL-4
to stimulate IgE production directly by B cells [39], enabling us
to deplete T cell subsets before culture and study the effect of
their depletion on minocycline mediated suppression. The effect
of minocycline on T cell suppression cannot be studied using rag-
weed specific memory IgE responses because induction of these
responses requires both CD4+ and CD8+ T cells (see Section 5.1).
Before the allergic asthmatic subjects were treated with minocy-
cline, we obtained their PBMC and cultured these cells for 10 days
in the presence of anti-CD40 and rhIL-4 ± minocycline. Without
minocycline, IgE responses were first induced on day 6, reached
peak levels on day 10, and remained high on day 12 (ELISA) (see also
[39]). We  found that inclusion of minocycline (or doxycycline) in
culture prevented induction of IgE responses (>98%) (isotype speci-
ficity not tested) (Fig. 3) [40]. We  also found that if either CD4+
or CD8+, including CD8+CD60+, T cells were depleted from PBMC
before culture, minocycline and doxycycline no longer suppressed
induction of IgE responses; IgE responses in these cultures resem-
bled those of cultures that did not contain the tetracycline (Durkin,
unpublished studies). We  conclude that both CD4+ and CD8+ T are
required for minocycline mediated suppression of anti-CD40/rhIL-
4 induced IgE responses by PBMC of allergic asthmatic humans.

6.3. Effect of minocycline on phosphorylated MAP  kinases: p38,
ERK, and JNK

Inclusion of minocycline in cultures in which anti-CD40/rhIL-4
induced peak IgE responses on day 10 not only entirely suppressed
induction of IgE responses, but also significantly suppressed
expression of phosphorylated p38 MAP  kinase by CD4+ and CD8+
T cells (Silverberg et al. [49]). Again, as in vivo, minocycline had
no significant effects on their levels of expression of the phos-

phorylated MAP  kinases, ERK or JNK. Further, minocycline had no
significant effects on levels of expression of phosphorylated MAP
kinases p38, ERK or JNK by B cells or monocytes (Silverberg et al.
[49]).
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. IgE and related immune responses of BPO-KLH
ensitized mice (cells, cytokines) before and after
inocycline treatment

.1. Requirement for two distinct T cell subsets: CD4+ and CD8+
formerly Thy 1+ Asialo GM 1 ganglioside negative and Thy 1+
sialo GM 1 ganglioside+, respectively) for induction of memory

gE responses by spleen cells of BPO-KLH sensitized mice

The requirement for two distinct T cell subsets and their
ytokines for induction of memory IgE responses, discussed above
or humans (see Section 5.1) had previously been demonstrated
y Herrick et al. in our laboratory [41] in BALB/c mice which were

mmunized by injecting 10 �g BPO-KLH in alum intraperitoneally
n days 0, 24, and 42. BPO specific IgE, as well as IgG1 and IgA
FC responses in spleen and mesenteric lymph node were deter-
ined on days 44–70 (ELISPOT assay); serum IgE and IgM, IgG and

gA levels also were determined (ELISA). To induce memory IgE
esponses, spleen or mesenteric lymph node cells were obtained
n these days, and then cultured for 0–10 days in the presence
r absence of BPO-KLH. Herrick found that Thy 1+ Asialo Gm1
anglioside negative and Thy 1+ Asialo Gm1  ganglioside+ (now
nown to be CD4+ and CD8+ T cells, respectively) were required for
n vitro induction of hapten specific memory IgE responses. In these
tudies, she also demonstrated that IL-4, IL-10, IFN alpha and IFN
amma  all were required for induction of memory IgE responses
other cytokines not studied), a finding that exactly mimicks the

ore recent findings of Smith-Norowitz et al. in humans [36]. It
hould be noted that like Asialo Gm1  ganglioside, CD60 expressed
y human CD8+ T cells required for induction of memory IgE
esponses, also is a ganglioside. The significance of the gangliosides,
lbeit different gangliosides, expressed by CD8+ T cells required
or induction of murine and human memory IgE responses, if
ny, is unknown. Asialo Gm 1 ganglioside is not expressed by
uman T cells.

. Effect of tetracyclines and CMT  on mast cell activity and
utaneous late phase responses

.1. Inhibition of mast cell activation and proapoptotic effects of
MTs on mast cell responses in vitro

Sandler et al. [42] investigated the in vitro effects of CMT-3
r COL-3, and doxycycline on functions of mast cells and demon-
trated suppression of 48/80 induced histamine release from rat
erosal mast cells to less than 50% that of control. Production of
NF-� and IL-8 by HMC-1, a human mast cell line, was  significantly
ecreased with suppression of cytokine mRNA production. Fur-
her, CMT-3 significantly suppressed protein kinase C (PKC) activity
n these cells. In separate studies, Sandler et al. [43] investigated
he antiproliferative effects of four different CMTs (CMT-1, CMT-
, CMT-8 and CMT-308) on mast cells in vitro and demonstrated

nduction of apoptosis including induction of caspases and down-
egulation of antiapoptic Bcl-2 protein.

.2. Minocycline-mediated inhibition of mast cell mediated
utaneous late phase responses of allergic humans

As reported by Erstein [25], oral minocycline treatment results
n a significant suppression of mast cell mediated late phase
welling at 30 h in adults with allergic respiratory disease induced

y cutaneous allergen challenge with epicutaneous scratch test,
ith no effect on classic late phase memory responses to recall anti-

en. As compared to baseline responses, there is a 72.3% decrease in
ean wheal diameter at 30 h with 1 week of minocycline treatment

[
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with no significant change in induration induced with C. albicans
(Table 1).

9. Summary

We  demonstrated that tetracycline (minocycline) treatment of
adult asthma is of clinical benefit, with oral steroid sparing effects.
While it has pleiotropic anti-inflammatory effects [44–48],  we
demonstrated that it decreases IgE production in an isotype spe-
cific manner. Minocycline-mediated decreases in IgE responses are
associated with suppression of phosphorylated p38 MAP  kinase
by T lymphocytes of allergic asthmatic humans. These anti-allergy
effects of minocycline are independent of its antibiotic effects as
IgE and p38 MAP  kinase suppression occurred in culture systems
devoid of bacteria. Other IgE responses which are also inhibited
by minocycline include cutaneous mast cell mediated late phase
responses.

10. Why  tetracyclines and CMT  would be advantageous as
drugs to treat allergic disease

There are no current allergy/asthma therapies that inhibit IgE
production. Further, there are no currently clinically available p38,
ERK, or JNK MAP  kinase inhibitors. Development of tetracyclines
and chemically modified tetracyclines as regulators of these signal
pathways in lymphocytes such as CD4+ T cells, as well as other cell
types of humans and animals, introduces many novel mechanistic
and therapeutic options for treatment of diseases with chronic and
other inflammation, including asthma, allergic rhinoconjunctivitis,
food allergy, and allergic skin disorders. This is a novel capability for
an inexpensive, established oral therapy with a known side effect
profile.
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