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Abstract. Much of the basic clinical information about dengue infection comes from experimental human studies
conducted in the 1920s and 1940s. Albert Sabin’s original laboratory records from one such study were bequeathed to
Duane J. Gubler. These records were reviewed and 150 experiments were included in our analyses. Persons were inocu-
lated with dengue virus 1 (DENV-1) and DENV-2. Median fever duration was shorter in primary DENV-2 infections
compared with DENV-1, although maximum temperature and severity of illness were comparable. At 1.5–9 months after
primary infection, 20 persons were inoculated with the heterologous serotype. Only one person inoculated with a heterol-
ogous serotype at < 8 weeks showed development of a clinical infection with a maximum temperature of 38°C, and 7 (88%)
of 8 persons inoculated with a heterologous serotype at 4–9 months post-primary infection showed development of fever.
On average, persons had a shorter incubation period in secondary infection compared with primary infection.

INTRODUCTION

The global re-emergence of dengue as a recurrent epidemic
disease in the tropical and sub-tropical world makes this
mosquito-borne viral disease a major public health concern.
Over half of the world’s population live in dengue-endemic
areas, and there are an estimated 400 million infections each
year.1 Currently there is no vaccine and mosquito control to
prevent dengue has failed to produce sustainable results. The
presence of four antigenically distinct dengue viruses (DENVs)
has complicated vaccine development.2–4 Furthermore, the
lack of an animal model that recapitulates the clinical features
observed in human infections has limited our understanding
of the mechanisms underlying severe dengue pathogenesis.5

Consequently, detailed clinical, virologic, and serologic char-
acterization of dengue patients remains a valuable resource in
providing insights into possible mechanisms that drive patho-
logic processes.
Critical questions about DENV biology that provide infor-

mation on pathogenesis remain to be fully elucidated. In par-
ticular, given that host,6 viral, and possibly vector-related
factors7–9 influence disease outcome, cross-sectional studies
that compare primary and secondary infections may be con-
founded by many factors other than the serologic status of
dengue at the point of infection. Cohort studies could address
this question, although such studies are complex and resource
intensive. In addition, the type and persistence of antibody
and T cell responses after primary infection can also influence
the clinical outcome,10 which would be difficult to control
for in epidemiologic studies. These difficulties could be over-
come through human dengue challenge studies, although eth-
ical and safety concerns have severely limited the number of
such studies.
Because of these considerations, researchers have relied on

experimental human studies conducted by the U.S. Army in
the 1920s and 1940s for basic information on incubation
period, cross-protective immunity, and early clinical presenta-
tion.10–12 In particular, the work of Albert Sabin during World
War II remains often cited. During 1944–1945, Albert Sabin
conducted research in which human subjects were infected

with dengue in an attempt to develop a dengue vaccine and
diagnostic tools. He explored the degree of cross-protection
to infection with a heterologous serotype at various time
points after primary infection, which remains a subject that
is still incompletely understood today.13 Although a report
by Sabin summarized his findings, the data were not shown.10

The notebooks of Sabin detailing the findings in these human
challenge studies were bequeathed to one of the authors
(D.J,G,), which enabled us to conduct a detailed review of
his unpublished data.

MATERIALS AND METHODS

A total of eight volumes of notebooks were reviewed. The
aim of each experiment, the methods used, and the findings
were identified and tabulated in a spreadsheet (Excel;
Microsoft, Redmond, WA). In particular, we focused on time
from virus inoculation to fever onset, maximum temperature,
fever duration, time to leukopenia onset, minimum white
blood cell (WBC) count, duration of leukopenia, and presence
of symptoms across different types of infections. Fever was
defined as a temperature > 38°C and leukopenia was defined
as a WBC count < 4,500 cells/mL. All data were converted to
SI units before statistical analysis (see below). Graphs were
generated by using Graphpad Prism (version 5.0, GraphPad
Software Inc., Sna Diego, CA) and R version 2.15.0 (http://
www.r-project.org/).
Statistical analysis. The chi-square test was used to compare

presence of symptoms, andWilcoxon’s rank sum test was used
to compare time to fever onset, maximum temperature, fever
duration, time to leukopenia onset, minimum WBC count,
and duration of leukopenia in primary DENV-1 versus
DENV-2 infections and in secondary dengue infections at
< 4 months post-primary infection versus secondary infections
at ³ 4 months. McNemar’s test was used to compare presence
of symptoms, and Wilcoxon’s signed rank test was used to
compare time to fever onset, maximum temperature, fever
duration, time to leukopenia onset, minimum WBC count,
and duration of leukopenia in primary infection versus sec-
ondary infection at £ 10 weeks and primary infection versus
secondary infection at ³ 4 months. Statistical analyses were
performed by using R version 2.15.0 and JMPÒ version 9
(SAS Institute, Cary, NC).
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Smoothed estimates of the mean temperature function,
point-wise prediction intervals, and subjects’ individual-
specific temperature function estimates with measurement
errors removed were generated by using a hierarchical
Gaussian process model fit by maximum likelihood.14 In
particular, the temperatures were first transformed as temp* =
log (temp − min(temp) + 1), where log denotes the natural
logarithm. The mean temperature function is modeled
as a linear combination of basis functions given by

e� t�tið Þ2= 2s2ð Þ : s = 0:5, ti =
14 i� 1ð Þ

49
, i = 1, . . . ,50

� �
, 50 equally

spaced Gaussian kernels. These basic functions are capable of
approximating a very broad range of smooth functions.
Conditional on the mean temperature function, each individ-
ual subject’s temperature function is modeled as a Gaussian
deviate from the mean function having covariance at time

points ti and tj of s tið Þs tj
� �

e ti�tjð Þ2= 2q2ð Þ. During the times at

which subjects potentially have a fever, the variability from
subject-to-subject increases dramatically. To give the model
sufficient flexibility to model this increase in variability, the
standard deviation functions s(t) are also modeled as a
linear combination of basis functions given by

e� t�tið Þ2= 2s2ð Þ : s = 2, ti =
14 i� 1ð Þ

9
, i = 1, . . . ,10

� �
, 10 equally

spaced Gaussian kernels. Conditional on each subject’s tem-
perature function, the actual measured temperatures are
modeled as Gaussian noise. All parameters were estimated by
using maximum likelihood.

RESULTS

Historical background. In 1944, Sabin organized a dengue
research unit under the auspices of the U.S. Army in an effort
to develop a vaccine.10 Sabin obtained acute-phase serum
samples from American soldiers who had a dengue-like illness
while stationed in Hawaii, India, and New Guinea. Serum
samples were frozen or refrigerated and transported to the
United States to be used by Sabin in his experiments. After
the soldiers had recovered from the illness and it was clear
that the clinical course was compatible with dengue fever,
dengue-naı̈ve human subjects in the United States were
injected with acute-phase serum that had been obtained
during the infection.10 Additional subjects were subsequently
inoculated with acute-phase serum from experimentally
infected subjects or with infected mosquitoes that had fed on
experimentally infected subjects during the acute phase of
illness. The DENVs isolated from soldiers in Hawaii, India,
and one patient in New Guinea, were similar and were later
identified as DENV-1, and DENVs recovered from three
other patients in New Guinea were later identified as
DENV-2.15 These viruses were subsequently designated as
prototype viruses (Haw-DENV-1 and NGC-DENV-2).
Characteristics of subjects. The laboratory notebooks of

Sabin contain records from 243 human subjects who partici-
pated in these experiments. These records were reviewed and
147 subjects were included in our analyses. Three of these
subjects were exposed to infected serum and did not become
ill, but were later infected by mosquito bite, giving 150 exper-
imental inoculations that we analyzed. Of the 96 subjects who
were not included, 52 were inoculated with attenuated dengue

virus passaged in mice. These experiments were described
in detail in the report by Sabin in 1952.10 The other 44 subjects
had incomplete records. Initially, Sabin used psychiatric
patients at Longview State Hospital in Cincinnati, Ohio who
were in need of fever therapy for his experiments.10 At the
time, fever therapy was used to treat neurosyphilis.16 Because
of the small number of patients requiring fever therapy, Sabin
began recruiting medical students in the Army Specialized
Training Program at the University of Cincinnati College
of Medicine and inmates at the New Jersey State Prison in
Trenton, New Jersey as experimental subjects. All subjects
were Caucasian. All medical students and prison inmates
were males and psychiatric patients included both males and
females. Sabin preferentially selected subjects with no history
of residence in dengue-endemic areas, but subjects with no
febrile illness during their time of residence in a dengue-
endemic area were also allowed to participate. For each sub-
ject, the temperatures were recorded every 4–6 hours. White
blood cell counts with differential counts were recorded at the
time of inoculation and every 1–2 days during the febrile
phase of illness. Symptoms were recorded daily during the
febrile phase of illness (Figure 1).
Inoculation with dengue virus. Sabin used several methods

to infect the subjects: 73 individuals were inoculated with
DENV-infected human serum; 57 were bitten by infected
mosquitoes; and 20 were inoculated with DENV plus live
attenuated 17-D yellow fever (YF) vaccine (Table 1). Sabin
infected 136 subjects with DENV-1 and 14 with DENV-2.
DENV-1 was isolated in Hawaii, India, or New Guinea, and
DENV-2 was isolated only in New Guinea (Table 2). Ten of
the DENV-1 subjects and 10 of the DENV-2 subjects were
later inoculated with the other serotype at time intervals
from 6 weeks and 6 days to 9 months after primary infection
(Table 3). Twelve of the secondary infections occurred at
< 4 months and the other eight occurred at ³ 4 months.
Inoculation with infected serum. Subjects were inoculated

intradermally only, intradermally and intravenously, intrana-
sally, by scarification, or in the conjunctiva of the eye. The
volume of serum that was used for intradermal or intravenous
injection ranged from 0.000001 mL to 2.5 mL (median = 1 mL,
interquartile range [IQR] = 0.001–1.25 mL). For the intranasal
or conjunctival inoculations, 0.01–1 mL was used.
Inoculation by mosquito bite. Mosquitoes were propagated

from eggs and adults were held for 4–9 days after emergence
before being allowed to feed on infected subjects during the
first day of febrile illness. During the extrinsic incubation
period, mosquitoes were maintained at a temperature of 28–
32°C and 80–92% humidity. The extrinsic incubation period
varied from 5 to 36 days (median = 15 days, IQR = 12.5–
20 days), after which the mosquitoes were allowed to feed on
new subjects to infect them. The number of mosquitoes
ranged from 5 to 56 (median = 20, IQR = 16–24), and the
number of mosquitoes that became engorged ranged from
5 to 51 (median = 18, IQR = 14.5–23). Mosquitoes were
allowed to feed on 48 subjects on one day only, and on 9 sub-
jects on day 0, and then again on days 2, 4, or 8 after the initial
bite. Thirty-nine of the subjects who were infected by mos-
quito bite had previously participated in other experiments
that did not result in a febrile illness (Table 4).
Inoculation with YF vaccine 17D plus DENV. Twenty

subjects were inoculated with 1 mL of YF vaccine 17D
plus Hawaii DENV-1. The YF vaccine and DENV-1 were
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administered simultaneously or at time intervals varying from
three days to one month (Table 1).
Characteristics of dengue infections. Of the 147 subjects

inoculated with DENV, age was recorded for 83, and ranged
from 19 to 49 years (median = 30 years, IQR 25–37 years).

The subjects who were inoculated with DENV by injection of
infected serum or by mosquito bite were analyzed together
because there was little indication that characteristics of the
resultant illnesses differed. Those who were inoculated intra-
nasally, by scarification, conjunctivally, or with YF vaccine
plus dengue were analyzed separately.
Of the 118 subjects experiencing primary DENV-1 or

DENV-2 infection by mosquito bite or injection of infected
Table 1

Methods used to infect persons with dengue virus*
Method of inoculation No. persons

Infected serum
Intradermally 42
Intradermally and intravenously 19
Intranasally 8
Scarification 2
Conjunctivally 2

Total 73
Mosquito bite 57
Yellow fever vaccine plus DENV-1
YF and DENV-1 simultaneously 7
YF followed by DENV-1 at 3 days 4
YF followed by DENV-1 at 7 days 3
YF followed by DENV-1 at 1 month 6

Total 20

*A total of 150 experiments were analyzed.
DENV = dengue virus; YF = yellow fever.

Table 2

Serotype and country of isolation of dengue used in experiments
by Sabin

Dengue serotype and country of isolation No. persons

DENV-1
Hawaii 125
India (2 clinical isolates) 8
New Guinea A 3

Total 136
DENV-2

New Guinea B 3
New Guinea C 7
New Guinea D 4

Total 14

DENV = dengue virus.

Figure 1. Examples of records from Albert Sabin’s laboratory notebooks.
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serum, 115 (97%) showed development of a febrile illness
(temperature ³ 38°C) (Figure 2). The median maximum tem-
perature was 39.6°C, median duration of fever was 3.2 days,
median minimum WBC count was 3,150 cells/mL, and median
duration of leukopenia was 4 days (Table 5). Not including
nine subjects who were bitten by mosquitoes on multiple days
and for whom the actual date of infection could not be deter-
mined, the median incubation period was 6.5 days and time
to onset of leukopenia was 7 days. The most common signs
and symptoms were fever > 38°C (97%), leukopenia (94%),
and rash (91%). Headache, eye pain, petechiae, backache, and
body ache were present in > 50% of subjects. More than 30%
of subjects experienced nausea or vomiting, anorexia, or
abdominal pain, and 5% of subjects experienced nosebleed
(Table 6).
The three subjects who did not show development of a

fever > 38°C when exposed to dengue were all inoculated
with DENV-1 from Hawaii. One was inoculated with
0.000001 mL serum and never showed development of a fever
> 37.5°C or leukopenia. This subject was later bitten by Hawaii

DENV-1-infected mosquitoes and showed development of a
mild illness with a maximum temperature of 38.2°C and no
other temperatures exceeding 38°C. The second subject was
inoculated with 0.00001 mL serum and had a maximum tem-
perature of 37.6°C within the first 24 hours after inoculation,
but otherwise never showed development of a fever or leuko-
penia. The third subject was bitten by mosquitoes that infected
other subjects successfully, and had one temperature reading of
37.8°C on day 13 but was otherwise afebrile. This person had a
WBC count of 3,500 cells/mL on day 11, but a repeat WBC
count on the same day was 7,750 cells/mL, suggesting that the
first WBC count was likely a measurement error.
In addition to the subjects who did not show development

of a fever when inoculated with DENV, some other subjects
showed development of only a mild illness. Specifically, one
subject who had been previously inoculated with 0.01 mL of
DENV-1 infected serum intranasally and did not show devel-
opment of a fever was subsequently bitten byDENV-1-infected
mosquitoes and had a temperature > 38°C on two measure-
ment occasions, and had a maximum temperature of 38.3°C
on day 6 and a temperature of 38.1°C on day 11. Another
subject who had not previously participated in any experi-
ments had a temperature > 38°C on only two measurement
occasions on day 10 after inoculation, with a maximum tem-
perature of 38.3°C. This subject was bitten by partially
blooded infected mosquitoes that successfully transmitted
dengue to other subjects on the same day.
Comparison of primary DENV-1 and primary DENV-2.

A total of 104 subjects were infected with primary DENV-1
and 14 subjects were infected with primary DENV-2 either by
mosquito bite or by injection of infected serum. There were no
statistically significant differences in incubation period, maxi-
mum temperature, days to onset of leukopenia, or duration of
leukopenia in primary DENV-1 and DENV-2 (Figure 3 and
Table 5). However, the median duration of fever > 38°C
was 3.3 days in DENV-1 compared with 2.2 days in DENV-2
(P = 0.024), and there was a trend towards more severe leu-
kopenia in DENV-1, with a median minimum WBC count of

Table 3

Time intervals between primary and secondary infection and method of infection in 20 persons with primary DENV-1 infection followed
by secondary DENV-2 infection or vice versa*

Person Primary infection serotype Time interval between primary and secondary infection Primary infection inoculation route Secondary infection inoculation route

1 DENV-1 6 weeks 6 days 2.25 mL serum 1 mL serum
2 DENV-1 6 weeks 6 days 2 mL serum 1 mL serum
3 DENV-2 7 weeks 1.4 mL serum 1 mL serum
4 DENV-2 7 weeks 2 days 41 mosquitoes 12 mosquitoes
5 DENV-2 7 weeks 3 days 1 mL serum 1 mL serum
6 DENV-2 7 weeks 6 days 1 mL serum 13 mosquitoes
7 DENV-2 7 weeks 6 days 1 mL serum 13 mosquitoes
8 DENV-2 8 weeks 2 mL serum 0.75 mL serum
9 DENV-2 8 weeks 3 days 1 cc serum 15 mosquitoes
10 DENV-2 8 weeks 3 days 1 mL serum 11 mosquitoes
11 DENV-1 9 weeks 3 days 20 mosquitoes 1 mL serum
12 DENV-2 10 weeks 5 days 0.001 mL serum 12 mosquitoes
13 DENV-1 4 months 1 mL serum 1 mL serum
14 DENV-1 4 months 1 mL serum 1 mL serum
15 DENV-1 7 months 20 mosquitoes 1 mL serum
16 DENV-2 7 months 1.3 mL serum 23 mosquitoes
17 DENV-1 8 months 0.0001 mL serum 1 mL serum
18 DENV-1 8 months 18 mosquitoes 1 mL serum
19 DENV-1 8 months 0.00001 mL serum 1 mL serum
20 DENV-1 9 months 23 mosquitoes 1 mL serum

*Shaded entries correspond to persons with < 4 months between primary and secondary infection.
DENV = dengue virus.

Table 4

Participation of persons in previous experiments*
Type of previous experiment No. persons

Inoculated with UV-irradiated DENV-1 10
Inoculated with chick /mouse embryo passaged DENV-1 9
Bitten by mosquitoes not known to transmit DENV 7
Inoculated with diluted virus 5
Inoculated with formalin-inactivated DENV-1 4
Inoculated with DENV-1 plus convalescent-phase serum 4
Total 39

*Thirty-nine persons who were infected by mosquito bite had previously participated in
other experiments that did not result in a febrile illness. The prior experiments included
inoculation with dengue virus 1 (DENV-1)-infected serum irradiated with ultraviolet
light (UV) for 10–30 minutes; inoculation with DENV-1 that was propagated in chick or
mouse embryos for 3–7 passages; bites from mosquito species not known to transmit dengue
(Aedes cantator, Ae. sollicitans, Ae. taeniorhynchus, Ae. vexans, Anopheles punctipennis,
An. quadrimaculatus, and Culex pipiens); inoculation with diluted serum containing dengue
virus or bites frommosquitoes that fed on diluted serum; inoculation with DENV-1 inactivated
with 0.05% formalin; and inoculation with a mixture of 0.001 mL of DENV-1-infected serum
plus 0.9 mL of serum obtained from DENV-1 convalescent-phase patients at 12 days to
8 months after onset of fever.
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3,100 cells/mL in DENV-1 compared with 3,625 cells/mL in
DENV-2 (P = 0.055). The reported symptoms were similar
except that 50% of DENV-2 subjects reported a cough or sore
throat, compared with only 16% of DENV-1 subjects (P =
0.004) (Table 6).
There were no indications of any difference in the character-

istics of illness in subjects infected with DENV-1 from Hawaii
compared with DENV-1 from India, except that only 37% of

the subjects infected with the India virus showed development
of petechiae compared with 72% of those infected with the
Hawaii virus (P = 0.045; Tables 7 and 8). Of the 17 subjects
infected with DENVs from New Guinea, 3 were infected with
DENV-1 and 14 were infected with DENV-2. Unfortunately,
these numbers were too small to make reliable comparisons.
Comparison of different methods of Hawaii DENV-1

inoculation. Subjects inoculated with Hawaii DENV-1

Figure 2. Temperature (A) and white blood cell (WBC) count (B) over time in 118 persons with a primary infection with dengue virus 1
(DENV-1) or DENV-2. Black dots represent persons’ temperature or WBC count data. Red curves represent subject-specific temperature or
WBC count predictions, taking into account measurement error. Gray areas represent point-wise 95% prediction intervals, and black lines
represent estimated mean curves.

Table 5

Characteristics of dengue virus 1 and dengue virus 2 primary infections*

Characteristic

Median and interquartile range Range P

All DENV (n = 118) DENV-1 (n = 104) DENV-2 (n = 14) All DENV (n = 115)† DENV-1 vs. DENV-2

Days to fever onset‡ 6.5 (5.6–7.8) 6.4 (5.6–7.9) 6.9 (5.4–7.7) 2.6–14.2 0.732
Maximum temperature ( °C) 39.5 (39.1–39.8) 39.6 (39.2–39.8) 39.4 (38.9–39.9) 38.1–40.8 0.895
Fever duration (days) 3.2 (2.0–4.2) 3.3 (2.2–4.5) 2.2 (1.8–3.0) 0.2–6.8 0.024
Days to leukopenia onset‡ 7.0 (6.0–9.0) 7.0 (6.0–9.0) 8.0 (6.3–9.0) 0–15 0.909
Minimum WBC count (cells/mL) 3,150 (2,588–3,663) 3,100 (2525–3600) 3,625 (3,213–3,975) 1,100–7,400 0.055
Leukopenia duration (days) 4.0 (3.0–5.3) 4.0 (2.5–6.0) 3.5 (3.0–5.0) 0–15 0.888

*Values in bold are statistically significant.
†Range was calculated only for the 115 subjects who showed development of a fever.
‡Days to fever onset and days to leukopenia onset were calculated by using the 106 persons who were inoculated on one occasion only.
DENV = dengue virus; WBC = white blood cell.
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Table 6

Incidence of symptoms in primary DENV-1 and primary DENV-2 infections*

Characteristic

Type of infection, no. positive/no. tested (%) P

All DENV (n = 118)† DENV-1 (n = 104)† DENV-2 (n = 14) DENV-1 vs. DENV-2

Fever > 38 °C 115/118 (97) 101/104 (97) 14/14 (100) 0.520
Leukopenia 107/116 (94) 94/102 (92) 13/14 (93) 0.927
Rash 106/117 (91) 93/103 (90) 13/14 (93) 0.758
Headache 86/101 (85) 72/87 (83) 14/14 (100) 0.092
Eye pain 77/101 (76) 64/87 (74) 13/14 (93) 0.115
Petechiae 81/116 (70) 71/102 (70) 10/14 (71) 0.889
Backache 71/101 (70) 61/87 (70) 10/14 (71) 0.921
Body ache 70/101 (69) 61/87 (70) 9/14 (64) 0.661
Nausea/vomiting 45/101 (45) 40/87 (46) 5/14 (36) 0.473
Anorexia 44/101 (44) 37/87 (43) 7/14 (50) 0.601
Abdominal pain 36/101 (36) 30/87 (34) 6/14 (43) 0.544
Cough/sore throat 21/101 (21) 14/87 (16) 7/14 (50) 0.004
Altered taste 17/101 (17) 13/87 (15) 4/14 (29) 0.206
Nosebleed 5/101 (5) 5/87 (6) 0/14 (0) 0.358
Diarrhea 1/101 (1) 1/87 (1) 0/14 (0) 0.687

*P values were calculated by using the chi-square test.
†The presence of symptoms was not recorded for every person.
DENV = dengue virus.

Figure 3. Mean temperature (A) and white blood cell count (WBC) (B) over time in persons infected with dengue virus 1 (DENV-1) (n = 104,
solid black line) or DENV-2 (n = 14, dashed red line).
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intradermally were compared with subjects inoculated with
the same virus intradermally and intravenously. There were
no differences in maximum temperature, fever duration, time
to onset of leukopenia, minimum WBC count, or duration of
leukopenia between the two groups (Table 9), but a greater
proportion of subjects that were infected by intradermal and
intravenous injection had an incubation period less than four
days compared with those that were infected by intradermal
injection only. Five (42%) of 12 of these subjects showed
development of a fever less than four days after inoculation
compared with 0 of 28 subjects who were inoculated only
intradermally (P = 0.001). The shortest incubation period
was 3.2 days in the group inoculated intravenously. In subjects
who were infected by injection of serum, the maximum tem-
perature, incubation period, and time to onset of leukopenia
were associated with the volume of serum injected (Table 10).
Those injected with a larger volume tended to have a higher
maximum temperature (P = 0.013), and shorter time to onset
of fever (P < 0.001) and leukopenia (P < 0.009).
Subjects infected with Hawaii DENV-1 by injection of serum

were compared with subjects who were infected with Hawaii
DENV-1 by mosquito bite. Subjects infected by mosquito bite
had a median of 5.8 days to fever onset compared with 6.9 days
in the subjects infected via injection of serum (P = 0.023), but
otherwise there was no indication that the characteristics of
the infections differed in the two groups (Table 9). There was

no statistically significant relationship between the number of
infected mosquitoes that fed on the subjects and the maxi-
mum temperature, time to onset of fever, fever duration, time
to onset of leukopenia, minimum WBC count, or duration of
leukopenia (Table 10).
Nine of the subjects infected by mosquito bite were bitten

on multiple days, first on day 0 and again on days 2, 4, or 8.
The median time to fever onset was 5.8 days in subjects
infected with Hawaii DENV-1 by mosquito bite on day 0 only
compared with 8 days for the subjects bitten on day 0 and day
2 (P = 0.031) and 13.3 days for the subjects bitten on day 0 and
day 4 or day 8 (P = 0.002), suggesting that the subjects who
were bitten on multiple days may not have become infected
until the second time they were bitten. However, there was no
indication that the resultant infections differed in terms of
maximum temperature, minimum WBC count, and duration
of fever and leukopenia. Therefore, the subjects who were
bitten on multiple days were included in the calculations of
maximum temperature, minimum WBC count, and duration
of fever and leukopenia, but not in the calculations of time to
onset of fever or leukopenia.
Thirty-nine of the 53 subjects who were infected with

DENV-1 by mosquito bite had previously participated in other
experiments that did not result in a febrile illness (Table 4).
Broadly, there was little indication that maximum temperature,
time to onset of fever, fever duration, time to onset of leuko-
penia, minimum WBC count, or duration of leukopenia dif-
fered between the subjects who were infected by mosquito
bite and had never participated in prior experiments com-
pared with any of the other groups (Table 9).
Duration of cross-protection between DENV-1 and

DENV-2. Twenty subjects were infected with one serotype of
dengue, followed by a heterologous serotype at time intervals
from 6 weeks and 6 days to 9 months (Figure 4). Of these
20 subjects, 11 showed development of a fever > 38°C during
the secondary infection. Median time to fever onset was
6.9 days in primary infection compared with 4.2 days in the
11 patients who showed development of a fever during second-
ary infection (P = 0.007). Median maximum temperature was
39.5°C in primary infection compared with 38.8°C in second-
ary infection (P = 0.011). Median duration of fever was 3.0 days
in primary infection compared with 1.0 days in secondary
infection (P < 0.001). There was no evidence that onset of
leukopenia occurred earlier in secondary infection (P =
0.092), or that the severity or duration of leukopenia differed
(P = 0.320 and P = 0.719) (Table 11).
In subjects who were secondarily infected at < 4 months,

headache was the most common symptom and was present in
7 (58%) of 12 subjects, and leukopenia was present in 6 (50%)

Table 7

Characteristics of primary infections with DENV-1 isolated in Hawaii, New Guinea, and India*

Characteristic

Site of DENV-1 isolation

Hawaii (n = 93) New Guinea (n = 3) India (n = 8)

Days to fever onset 6.4 (5.6–7.8) 8.2 (6.8–8.3) 5.7 (5.1–6.0)
Maximum temperature ( °C) 39.6 (39.2–39.8) 39.7 (39.5–39.7) 39.5 (38.7–39.7)
Fever duration (days) 3.4 (2.2–4.5) 2.0 (1.9–3.2) 3.2 (2.2–3.6)
Days to leukopenia onset 8.0 (7.0–9.0) 7.0 (7.0–8.5) 7.0 (5.0–8.5)
Minimum WBC count/mL 3,100 (2,525–3,600) 2,600 (2,550–3,150) 3,150 (2,750–3,400)
Leukopenia duration, days 4.0 (2.5–5.0) 3.0 (3.0–3.5) 6.0 (3.5–10.8)

*Values are median (interquartile range).
DENV-1 = dengue virus 1; WBC = white blood cell.

Table 8

Incidence of symptoms in primary infections with DENV-1 isolated
in Hawaii, New Guinea, or India*

Characteristic

Site of DENV-1 isolation

Hawaii (n = 93†) New Guinea (n = 3†) India (n = 8‡)

Fever > 38 °C 90/93 (97) 3/3 (100) 8/8 (100)
Leukopenia 83/91 (91) 3/3 (100) 8/8 (100)
Macular rash 84/92 (91) 3/3 (100) 6/8 (75)
Headache 69/84 (82) 3/3 (100)
Eye pain 61/84 (73) 3/3 (100)
Petechiae 66/92 (72) 2/2 (100) 3/8 (38)
Backache 59/84 (70) 2/3 (67)
Body ache 59/84 (70) 2/3 (67)
Nausea/vomiting 38/84 (45) 2/3 (67)
Anorexia 35/84 (42) 2/3 (67)
Abdominal pain 30/84 (36) 0/3 (0)
Cough/sore throat 13/84 (15) 1/3 (33)
Altered taste 12/84 (14) 1/3 (33)
Nosebleed 5/84 (6) 0 (0)
Diarrhea 1/84 (1) 0 (0)

*Values are no. positive/no. tested (%).
†Presence of symptoms was not recorded for every person.
‡All persons from India were psychiatric patients at Longview Hospital and omitted

symptoms were not recorded.
DENV-1 = dengue virus 1.
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of 12 subjects (Table 12). All other symptoms were present in
< 50% of subjects. Fever, leukopenia, rash, eye pain, back-
ache, and anorexia were significantly less likely to be present
in secondary infection at < 4 months compared with primary
infection. All other symptoms showed a trend towards a lower
prevalence in secondary infection at < 4 months compared
with primary, except for diarrhea, which was present in
2 (17%) of 12 subjects with secondary infection at < 4 months
and in 0 of 20 subjects with primary infection. In secondary
infection at 4–9 months, most of subjects were symptomatic,
only 1 of 8 had no symptoms, and infections generally seemed
to resemble primary infections except that rash was present in
19 (95%) of 20 primary infections and 0 (0%) of 8 secondary
infections at 4–9 months (Table 12).
Although there was not sufficient evidence to conclude that

mean maximum temperature in secondary infection was
linearly related to time post-primary infection (P = 0.094),
subjects inoculated with a heterologous dengue serotype at a
longer time interval appeared to be more likely to show devel-
opment of a symptomatic infection. In secondary infections at
< 4 months, 7 (58%) of 12 subjects reported symptoms, com-
pared with 7 (88%) of 8 subjects at 4–9 months (Table 13). In
secondary infection at < 4 months, fever and leukopenia was
generally milder and of shorter duration than in primary
infection. In secondary infection at 4–9 months, there was a
trend towards an earlier onset but shorter duration of fever
and leukopenia compared with primary infection (Table 11).
Of the seven secondary infections at < 8 weeks, all but one
had a temperature < 38°C (Figure 4A–G and Table 13). One
subject, who had a primary DENV-1 infection, followed by

DENV-2 at 7 weeks 6 days post-primary infection, had a max-
imum temperature of 38°C, a detectable viremia on day 8
(serum was inoculated into another volunteer), and was leu-
kopenic with a minimum WBC count of 3,500 cells/mL on day
10 (Figure 4F). Another subject, who had a primary DENV-1
infection, followed by DENV-2 at 7 weeks (Figure 4C),
reported no symptoms but had a maximum temperature of
37.9°C on day 5 and mild leukopenia (minimum WBC count
= 3,800 cells/mL on day 8). Two other subjects were symptom-
atic and had maximum temperatures of 37.6°C on days 4
and 7, respectively, but never showed development of leuko-
penia; one had a primary DENV-1 infection, followed by
DENV-2 at 6 weeks 6 days (Figure 4A), and one had a pri-
mary DENV-2 infection, followed by DENV-1 at 7 weeks
2 days (Figure 4D).
At 8–10 weeks post primary infection, 4 (80%) of 5 subjects

became ill and had maximum temperatures between 38.1°C
and 38.8°C and minimum WBC counts of 2,450–4,300 cells
cells/mL; all four reported symptoms of dengue infection
(Figure 4H–L). Three of these subjects had DENV-2 primary
infection, followed by DENV-1 secondary infection, and one
had DENV-1 primary infection, followed by DENV-2 sec-
ondary infection. The fifth subject was asymptomatic; all tem-
peratures were < 37.5°C and no leukopenia was observed.
This subject had a primary DENV-2 infection and was inocu-
lated with DENV-1 at 8 weeks 3 days post-primary infection
(Figure 4J).
At 4–9 months post-primary infection, 7 (88%) of 8 subjects

with secondary infection showed development of fever
(Figure 4M–T). Six of these subjects had primary DENV-1
infection, followed by DENV-2, and one had DENV-2
followed by DENV-1. Three (38%) of subjects with secondary
infection at 4–9 months post-primary infection had a maximum
temperature > 39°C; all had primary DENV-1 infection,
followed by DENV-2. Six of the 7 subjects who showed devel-
opment of fever also had leukopenia, with minimum WBC
counts of 2,100–3,650 cells cells/mL. The subject who had fever
but not leukopenia had a primary DENV-1 infection, followed
by DENV-2 at four months and had a maximum temperature
of 39.4°C on day 6 and a minimum WBC count of 4,750 cells
cells/mL on day 5. One subject, who had a primary DENV-1
infection and was inoculated with DENV-2 at 8 months post-
primary infection, was asymptomatic; all temperatures were
< 37.5°C and no leukopenia was observed (Figure 4S). This

Table 9

Comparison of different methods of inoculation in primary DENV-1 persons*

Characteristic

Intradermal
inoculation vs.
intradermal and
intravenous
inoculation

Serum
vs.

mosquito

No previous
experiments vs.

previously bitten by
mosquitoes not

known to transmit
DENV

No previous
experiments vs.

previously
inoculated with
UV irradiated

DENV-1

No previous
experiments vs.

previously
inoculated with

formalin inactivated
DENV-1

No previous
experiments vs.

previously
inoculated with
diluted virus

No previous
experiments vs.

previously inoculated
with chick/mouse
embryo passaged

DENV-1

No previous
experiments vs.

previously inoculated
with DENV-1 plus
convalescent-phase

serum

Days to fever onset 0.344 0.105 0.790 0.838 0.032 0.953 0.225 0.638
Maximum
temperature ( °C)

0.625 0.023 0.381 0.275 0.569 0.354 0.738 0.254

Fever duration 0.256 0.886 0.122 0.402 0.130 0.335 0.973 0.245
Days to leukopenia
onset

0.188 0.159 0.109 0.067 0.282 0.079 0.029 0.690

Minimum WBC
count/mL

0.084 0.088 0.177 1 0.395 0.930 0.204 0.395

Leukopenia
duration

0.168 0.589 1 0.706 0.559 0.423 0.263 0.418

*P values were calculated by using Wilcoxon’s rank sum test. Values in bold are statistically significant.
DENV = dengue virus; UV = ultraviolet; WBC = white blood cell.

Table 10

Association between volume of serum or number of infected
mosquitoes used to inoculate persons and characteristics of illness*

Characteristic

P

Serum volume No. mosquitoes engorged

Days to fever onset < 0.001 0.527
Maximum temperature ( °C) 0.013 0.174
Fever duration 0.137 0.115
Days to leukopenia onset 0.009 0.701
Minimum WBC count/mL 0.058 0.359
Leukopenia duration 0.964 0.855

*Values in bold are statistically significant.
WBC = white blood cells.
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Figure 4. Temperature over time in primary and secondary dengue infections in individual persons. Persons were inoculated with dengue virus 1
(DENV-1) and DENV-2 at time intervals ranging from 6 weeks and 6 days to 9 months. Time between primary and secondary inoculation is shown
over each graph. Solid lines represent temperature in primary infection. Dotted lines represent secondary infection. DENV-2B, DENV-2C, and
DENV-2D refer to DENV-2 isolated from three individual patients and subsequently inoculated into experimental subjects.
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subject was inoculated with 1 mL of serum obtained from a
viremic subject; other subjects showed development of dengue
infection after inoculation with aliquots of this serum.
There was no evidence that the mean maximum tempera-

ture or mean fever duration during secondary infection dif-
fered in subjects that were infected with DENV-1 followed by
DENV-2 compared with subjects that were infected with
DENV-2 followed by DENV-1 (P = 0.198 and P = 0.112).
Duration of homologous protection. In contrast to the het-

erologous serotype challenge, three subjects were re-inoculated
with the same DENV-1 virus pool 18 months after a primary
DENV-1 infection. All three subjects showed development of
a febrile illness during the primary infection but were
completely asymptomatic during re-inoculation with the same
virus. A control subject who had not had a prior infection was
infected at the same time and with the same virus. This con-
trol subject showed development of a febrile illness that
lasted six days and a maximum temperature of 40°C.
Exposure to dengue intraconjunctivally, intranasally, or

by scarification. Twelve subjects were exposed to Hawaii
DENV-1-infected serum intraconjunctivally, intranasally, or

by scarification (also known as the percutaneous multiple
puncture technique, which is the method by which the small-
pox vaccine is administered). In the two subjects inoculated
by scarification, there was no indication that the resulting
illness differed from that experienced by subjects inoculated
by mosquito bite or by injection of infected serum.
Two subjects were inoculated by introducing infected serum

into the conjunctiva of the eye; one received 0.01 mL of serum
and the other received 1 mL of serum. The subject who
received 0.01 mL of serum intraconjunctivally was asymptom-
atic; all temperatures were < 37.5°C and no leukopenia was
observed. The subject who received 1 mL of serum intracon-
junctivally showed development of a fever 8.8 days after
inoculation and leukopenia 11 days after inoculation. In com-
parison, subjects infected with Hawaii DENV-1 by mosquito
bite or injection of infected serum had a median of 6.4 days
to onset of fever and 7 days to onset of leukopenia. These
differences were not statistically significant (P = 0.231 and
P = 0.236).
Eight subjects were inoculated intranasally; 2 subjects

received 0.01 mL of serum, 2 subjects received 0.1 mL of serum,

Table 11

Primary dengue infections in 20 persons compared with secondary infections in which the person showed development of a fever, secondary
infections at < 4 months, and secondary infections at ³ 4 months*

Characteristic
Primary infection

(n = 20)
Secondary infection, fever developed

(n = 11)
Secondary infection at < 4 months

(n = 12)
Secondary infection at ³ 4 months

(n = 8)

Days to fever onset 6.9 (6.0–7.4) 4.2 (4.0–5.1) NR 4.2 (4.0–4.5)
Maximum temperature ( °C) 39.5 (39.2–39.8) 38.8 (38.3–39.2) 37.8 (37.6–38.2) 38.8 (38.2–39.4)
Fever duration 3.0 (2.0–4.1) 1.0 (0.6–1.4) 0 (0–0.3) 1.0 (0.6–1.6)
Days to leukopenia onset 7.5 (6.8–9.0) 5.0 (5.0–6.0) NR 5 (4.8–NR)
Minimum WBC count 3,200 (2,688–3,925) 3,250 (2,750–3,550) 4,350 (3,488–5,900) 3,225 (2,825-3,925)
Leukopenia duration 4.5 (3.0–5.3) 3.0 (2.0–6.0) 1.0 (0–3.0) 3.0 (1.5–5.5)

P

Type of infection
Primary vs. secondary,

fever developed Primary vs. secondary at < 4 months Primary vs. secondary at ³ 4 months Secondary at < 4 months vs. ³ 4 months

Days to fever onset 0.007 0.021 0.183 0.023
Maximum temperature ( °C) 0.011 0.003 0.052 0.034
Fever duration < 0.001 < 0.001 < 0.001 0.700
Days to leukopenia onset 0.092 0.084 0.288 0.069
Minimum WBC count/mL 0.320 0.021 0.148 0.521
Leukopenia duration 0.719 0.065 0.288 0.412

*Values in the top half of the table are median (interquartile range). P values were calculated by using Wilcoxon’s signed rank test or Wilcoxon’s rank sum test as appropriate. Values in bold are
statistically significant.
NR = > 50% of persons did not show development fever or leukopenia; WBC = white blood cell.

Table 12

Symptoms in primary dengue infection compared with secondary infection at < 4 months and secondary infection at ³ 4 months*

Symptom

No. (%) persons with symptom P

Primary infection
Secondary infection

at < 4 months
Secondary infection

at ³ 4 months
Primary vs. secondary

at < 4 months
Primary vs. secondary

at ³ 4 months
Secondary at < 4 months

vs. secondary at ³ 4 months

Fever > 38 °C 20 (100) 4 (33) 7 (88) 0.013 1 0.113
Leukopenia 19 (95) 6 (50) 6 (75) 0.041 1 0.370
Macular rash 19 (95) 3 (25) 0 (0) 0.013 0.013 0.371
Headache 19 (95) 7 (58) 7 (88) 0.074 1 0.514
Eye pain 17 (85) 2 (17) 6 (75) 0.004 1 0.032
Petechiae 13 (65) 2 (17) 4 (50) 0.077 1 0.273
Backache 14 (70) 2 (17) 5 (63) 0.041 1 0.104
Body ache 14 (70) 3 (25) 5 (63) 0.182 1 0.226
Nausea/vomiting 8 (40) 0 (0) 0 (0) 0.074 0.248 1
Anorexia 10 (50) 0 (0) 3 (38) 0.023 1 0.097
Abdominal pain 7 (35) 1 (8) 0 (0) 0.134 0.480 0.834
Cough/sore throat 4 (20) 0 (0) 1 (13) 0.134 1 0.834
Altered taste 5 (25) 0 (0) 1 (13) 0.134 1 0.834
Nosebleed 1 (5) 0 (0) 0 (0) 1 1 1
Diarrhea 0 (0) 2 (17) 0 (0) 0.480 1 0.648

*P values were calculated by using McNemar’s test or chi-square test as appropriate. Values in bold are statistically significant.
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and 4 subjects received 1 mL of serum. The subjects who
received 0.01 mL of infected serum intranasally were asymp-
tomatic; all temperatures were < 37.5°C and no leukopenia
was observed. The other six subjects who were inoculated
intranasally all showed development of febrile illnesses that
were milder and had a delayed onset compared with the sub-
jects inoculated with Hawaii DENV-1 by mosquito bite or
injection of serum (Table 14). There were no statistically sig-
nificant differences in the symptoms that subjects reported,
except that 3 (50%) of 6 subjects infected intranasally experi-
enced nosebleeds compared with 5 (6%) of 84 subjects inocu-
lated by the standard route (P < 0.001).
Yellow fever vaccine 17D and DENV-1 infection. Twenty

subjects were inoculated with live attenuated 17DYF vaccine,
followed by Hawaii DENV-1 at varying time intervals. Those
persons who received the YF vaccine and DENV-1 simulta-
neously experienced an illness with delayed onset but compa-
rable severity to those who received Hawaii DENV-1 only
(Table 15). Median time to fever and leukopenia onset were
10.4 days and 11 days, respectively, compared with 6.4 days and
7 days in persons who were inoculated with Hawaii DENV-1
only (P < 0.001 and P = 0.009). Persons who received the YF
vaccine, followed by DENV-1 inoculation at a three-day
interval, also showed a trend towards a longer time to fever
onset with median time of 9.1 days (P = 0.106), but the illness
was otherwise similar to that in persons who did not receive

the YF vaccine. There was no indication that temperature and
leukopenia differed between those who received the YF vac-
cine and DENV-1 inoculation at 7-day or 1-month intervals
and those who were inoculated with only Hawaii DENV-1.
Symptoms were generally similar in subjects who received

the YF vaccine and DENV-1 inoculation compared with those
inoculated with DENV-1 alone. However, only 4 (57%) of
7 persons who received the YF vaccine and DENV-1 simulta-
neously had rash compared with 84 (91%) of 92 persons who
were inoculated with only Hawaii DENV-1 (P = 0.006). Sub-
jects who received the YF vaccine and DENV-1 inoculation
at a three-day or seven-day interval were less likely to show
development of petechiae than those who received Hawaii
DENV-1 alone; 1 (25%) of 4 subjects with a three-day interval
and 0 (0%) of 3 subjects with a seven-day interval showed
development of petechiae compared with 66 (72%) of 92 sub-
jects inoculated with Hawaii DENV-1 alone (P = 0.050 and
P = 0.008).

DISCUSSION

Although nearly 70 years have passed since these experi-
ments were conducted by Sabin, the findings remain pivotal
to our understanding of clinical dengue. Description of natu-
rally occurring clinical cases are widely available.17–22 How-
ever, these studies lack detailed information on when the

Table 13

Characteristics of primary and secondary DENV-1 or DENV-2 infections in 20 persons*

Person

Primary
infection
serotype

Time interval between
primary and secondary

TMax
( °C)

Day of
TMax

Lowest WBC
count/mL

Day of lowest
WBC count

TMax
( °C)

Day of
TMax

Lowest
WBC count

Day of lowest
WBC count Symptom Viremia

1 DENV-1 6 weeks 6 days 39.8 8 2,900 7 37.6 4 6,350 5 Yes
2 DENV-1 6 weeks 6 days 39.5 7 2,350 7 37.7 8 4,700 4 No
3 DENV-2 7 weeks 38.7 5 3,900 9 37.9 5 3,800 8 No No (day 12)
4 DENV-2 7 weeks 2 days 38.8 8 3,250 5 37.6 7 4,550 8 Yes
5 DENV-2 7 weeks 3 days 39.9 8 4,000 10 < 37.5 5,900 7 No
6 DENV-2 7 weeks 6 days 40.2 7 4,150 7 38 8 3,500 10 Yes Yes (day 8)
7 DENV-2 7 weeks 6 days 39.2 8 3,750 10 37.7 2 5,900 4 No
8 DENV-2 8 weeks 39 4 3,400 9 38.3 5 4,300 6 Yes Yes (day 5)
9 DENV-2 8 weeks 3 days 40.6 8 4,150 9 38.8 6 2,450 8 Yes
10 DENV-2 8 weeks 3 days 39.8 10 3,500 10, 11 < 37.5 6,850 7 No
11 DENV-1 9 weeks 3 days 40.2 10 2,800 11 38.6 4 3,250 5 Yes
12 DENV-2 10 weeks 5 days 38.7 10 2,650 11 38.1 6 3,450 6 Yes
13 DENV-1 4 months 39.5 7 4,250 9 39.4 6 4,750 5 Yes
14 DENV-1 4 months 39.4 10 5,050 8 38.2 6 3,200 5 Yes
15 DENV-1 7 months 40 9 2,500 9 39.6 4 2,900 6 Yes
16 DENV-2 7 months 38.8 5 3,150 7 38.9 4 3,450 5 Yes
17 DENV-1 8 months 39.4 8 1,100 12 39.4 4 2,100 8 Yes
18 DENV-1 8 months 39.8 11 2,700 9 38.2 4 3,650 5 Yes Yes (day 4)
19 DENV-1 8 months 39.7 10 3,100 12 < 37.5 5,600 7 No
20 DENV-1 9 months 39.4 7 1,250 11 38.9 5 2,600 8 Yes Yes (day 4)

*The only symptom was headache. Sabin noted “Possible cause for headaches – wife getting divorce.” Values in bold are statistically significant.
DENV = dengue virus; TMax, maximum temperature; WBC = white blood cell.

Table 14

Characteristics of dengue infection in persons inoculated with Hawaii DENV-1 intranasally compared with persons inoculated by mosquito bite
or injection of infected serum*

Characteristic DENV-1 Hawaii (n = 93) DENV-1 Hawaii intranasally (n = 6) P for standard route vs. intranasal

Days to fever onset 6.4 (5.6–7.8) 11.0 (9.3–11.9) 0.001
Maximum temperature ( °C) 39.6 (39.2–39.8) 38.8 (38.2–39.3) 0.028
Fever duration (days > 38 °C) 3.4 (2.2–4.5) 1.1 (0.7–3.1) 0.071
Days to leukopenia onset 8.0 (7.0–9.0) 10.5 (9.3–11.8) 0.009
Minimum WBC count/mL 3,100 (2,525–3,600) 3,350 (2,663–3,663) 0.764
Leukopenia duration (days < 4,500) 4.0 (2.5–5.0) 2.8 (1.0–3.8) 0.088

*Values are median (interquartile range). P values were calculated by using Wilcoxon’s rank sum test. Values in bold are statistically significant.
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infection was acquired. Case-patients can only be enrolled upon
presentation to primary care clinics and these are often a few
days after illness onset. Moreover, although most dengue-
endemic countries report secondary dengue cases,23 the sero-
type of the previous infection is seldom known or determined.
Thus, even though naturally occurring cases are able to pro-
vide useful clinical description of dengue, they are limited in
their ability to provide information on incubation period and
how time after convalescence from a primary dengue infec-
tion influences the outcome of a secondary dengue infection.
There are several important findings from the experiments

of Sabin. First, the often-cited observation is the short-lived
protection against a secondary infection after recovery from a
primary DENV infection.10 Estimates of the duration of cross-
protection based on serologic data and on modeling of epi-
demics have varied from one to two weeks to a year or
more.24–26 The data of Sabin suggest that the duration of
cross-protection from a second clinical infection is approxi-
mately 8 weeks, but there is substantial individual variation.
One subject showed development of a fever, leukopenia, and
clinical symptoms of dengue after inoculation with DENV-1
at only 7 weeks 6 days post-primary infection with DENV-2,
and another subject was afebrile and asymptomatic after inoc-
ulation with DENV-2 at 8 months post-primary infection with
DENV-1. Because the longest time interval tested was nine
months, it is unknown based on these experiments whether
cross-protective immunity could persist for longer than nine
months in some persons. In contrast, re-inoculation of three
volunteers with the same virus used during primary infection
18 months before did not result in acute illness. The observed
differences in duration of cross-protective immunity from a
second clinical infection could be caused by viral factors and/or
the host immune response.
The mechanism for this short-lived heterotypic immunity

remains to be fully determined. It is possible that IgM that is
present for a few months after an acute infection has hetero-
typic, as well as homotypic, neutralizing capability. Alterna-
tively, the high levels of heterotypic and homotypic IgG
against dengue could either aggregate DENV to form immune
complexes of sufficient size to co-ligate the inhibitory Fc

gamma receptor IIB27 or inhibit the co-ligation of leukocyte
immunoglobulin-like receptor B1).28 Both receptors have an
immunoreceptor tyrosine inhibitory motif that signals to
either inhibit phagocytosis and thus entry of heterologous
DENV27,29,30 or inhibit interferon stimulated gene expression
that would otherwise limit viral replication.28,31

The secondary dengue infections in subjects tested by Sabin
were clinically less severe than the primary infections. Patients
who showed development of a clinical infection after second-
ary inoculation with dengue had a lower maximum tempera-
ture and an approximately two-day shorter duration of fever
compared with primary infection. No subjects showed devel-
opment of severe illness (dengue hemorrhagic fever or dengue
shock syndrome). This finding is in contrast with the frequently
reported association between secondary infection and more
severe illness.26,32 Possible explanations for this discrepancy
include the small sample size, and that the longest time period
between primary and secondary infection in the study of
Sabin was only nine months.
Other studies found that the risk of severe illness increases

with time elapsed between primary and secondary infec-
tion.26,32 If the findings from the experiments of Sabin can be
generalized, they would have important implications for the
design of clinical trials to determine therapeutic efficacy of
candidate antiviral drugs. The longer duration of fever in
patients with primary dengue may make this group of patients
more suitable for enrollment into therapeutic trials in which
the duration of fever is a primary outcome.33,34 The more rapid
fever clearance in secondary infection may require a larger
cohort of patients to observe a statistically significant reduction
in fever duration.35 This necessity not only increases cost but
also the number of patients exposed to an investigational com-
pound, and its safety profile remains to be fully determined.
Another notable finding in the experiments of Sabin was

that the shortest incubation period was 3.2 days in a subject
inoculated with Hawaii DENV-1-infected serum intrave-
nously. In comparison, the shortest incubation period observed
in historical DENV-1 human infection studies was approxi-
mately 3.5 days.11,36,37 Also, Sabin found that the incubation
period for secondary infection was shorter by approximately

Table 15

Characteristics of primary DENV-1 Hawaii infections and infections in which persons received yellow fever vaccine 17D followed by DENV-1*

Characteristic

Type of infection P

DENV-1
Hawaii (n = 93) YF + DENV YF + DENV 3 days YF + DENV 7 days YF + DENV 1 month

DENV-1
Hawaii
vs. YF +
DENV

DENV-1
Hawaii
vs. 3 days

DENV- 1
Hawaii
vs. 7 days

DENV-1
Hawaii
vs. 1
month

Days to
fever onset

6.4 (5.6–7.8) 10.4 (9.9–11.2) 9.1 (7.8–10.2) 6.6 (5.5–6.9) 5.8 (5.5–6.2) < 0.001 0.106 0.712 0.209

Maximum
temperature
(°C)

39.6 (39.2–39.8) 39.9 (39.7–40.0) 39.8 (39.6–40.0) 39.2 (39.1–39.6) 39.5 (39.4–39.8) 0.117 0.309 0.527 0.775

Fever
duration

3.4 (2.2–4.5) 2.8 (2.5–3.5) 3.3 (2.9–3.7) 2.2 (1.8–2.8) 4.2 (4.1–4.5) 0.474 0.690 0.247 0.082

Days to
leukopenia
onset

8.0 (7.0–9.0) 11.0 (10.5–12.5) 9.5 (7.3–11.0) 7.0 (6.5–13.5) 7.0 (6.3–8.5) 0.009 0.612 0.948 0.563

Minimum
WBC
count/mL

3,100 (2,525–3600) 3,500 (2,500–3,675) 3,350 (2,825–3,975) 3,450 (2,900–4,125) 2,700 (2,150–3,513) 0.852 0.470 0.723 0.349

Leukopenia
duration

4.0 (2.5–5.0) 3.0 (2.0–3.0) 3.5 (2.5–6.3) 3.0 (1.5–3.5) 3.5 (3.0–4.0) 0.095 0.978 0.237 0.613

*Values are median (interquartile range) P values were calculated by using Wilcoxon’s rank sum test. Values in bold are statistically significant.
DENV = dengue virus; YF = yellow fever; WBC = white blood cell.
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three days compared with primary infection. It is unclear why
this phenomenon was observed. It is tempting to speculate
that antibody-dependent infection resulted in a more efficient
pathway of infection although, in this study, there was no evi-
dence of disease enhancement. Finally, patients infected intra-
nasally had a longer incubation period. Of interest was that
50% (3 of 6) of these patients had nosebleeds compared with
only 6% (5 of 84) of subjects infected by inoculation (P <
0.001), suggesting a direct viral effect on nasal endothelium.
Previous modeling of dengue epidemics have mostly not taken
into account possible differences in the intrinsic incubation
period for primary and secondary infection.38,39 How a shorter
incubation period affects the dynamics of dengue epidemics or
even the overall cyclical nature of dengue incidence should be
considered given that most dengue-endemic countries encoun-
ter secondary dengue infection. Furthermore, this finding could
also influence the length of monitoring development of dengue
in travelers after a visit to a dengue-endemic area.40

Sabin was able to demonstrate that the viral inoculum load
is a determinant of fever, the duration to fever onset, and
leukopenia. This information cannot be gleaned from epide-
miologic studies on naturally occurring cases. Because viremia
titers have been shown to correlate with severity of illness and
epidemic potential,8,41 it stands to reason that the amount of
virus inoculated by blood-feeding Aedesmosquitoes could also
determine the clinical outcome of dengue. When designing
human infection studies, consideration should be given to
natural infection by mosquito bite.
The work of Sabin also highlights the need for biosafety

practices. Although percutaneous injury with contaminated
laboratory equipment or hypodermic syringes is an obvious
route of accidental infection, these experimental infections
also highlight the need to be vigilant against other routes of
infection. In particular, inoculation through the conjunctiva or
respiratory epithelium through accidental splashes or aerosol-
ization of dengue virus culture supernatant can occur because
of improper handling techniques and are viable routes for
DENV infection. Biosafety practices that limit possible
splashes or aerosolization of DENV are thus advisable.
A major weakness in these experiments is the lack of sero-

logic or other immunologic measurements that would have
complemented the detailed clinical observations. In particu-
lar, the study assumed, probably accurately, that none of the
subjects had prior dengue or flaviviral infections. However,
this assumption was not determined objectively with serologic
methods. Moreover, serologic measurements would have also
indicated whether those persons inoculated with dengue virus
who did not show development of fever or leukopenia experi-
enced true asymptomatic infection or represented failed
experiments. Another weakness of these studies is the small
number of subjects inoculated with DENV-2 (n = 14) or inoc-
ulated with a heterologous serotype after primary infection
(n = 20). Furthermore, most heterologous infections at shorter
time intervals were DENV-2 primary infections, followed by
DENV-1 secondary infections, and most of the heterologous
infections at longer time intervals were with DENV-1,
followed by DENV-2. These inconsistencies make it difficult
to interpret the results. It has been suggested that patients with
DENV-2 infections experience more severe disease,41–43 and
that a primary infection with DENV-1, followed a secondary
infection with DENV-2, is associated with an increased risk of
dengue hemorrhagic fever.32 The subjects of Sabin with pri-

mary DENV-2 infection had a slightly shorter duration of fever
but their illnesses were otherwise similar to subjects with pri-
mary DENV-1 infection. No differences were found in the
severity of illness in subjects who were inoculated with
DENV-1, followed by DENV-2, compared with subjects inoc-
ulated with DENV-2, followed by DENV-1. A larger sample
size would be required to detect differences between these
groups, if they exist. Furthermore, with the accumulating evi-
dence that the strain of virus also influences clinical severity,7–9

these types of studies must include different virus strains to
be meaningful.
There is now increasing interest in revisiting human chal-

lenge studies for dengue for the evaluation of vaccines and
therapeutics.44–46 The work of Sabin indicates that human chal-
lenge studies can be conducted safely. None of the 243 subjects
showed development of severe dengue. A reason for this find-
ing could be that these studies were all conducted in adults.
Adults may have a lower risk for development of plasma
leakage, which is common in severe dengue cases.47–49 Con-
versely, children might be predisposed to plasma leakage
because growing blood vessels, which are present during that
age, are inherently leaky.50 Given that human challenge stud-
ies will need to be conducted in adults who can provide
informed consent, such studies could serve as a critical plat-
form for the rapid evaluation of therapeutic or vaccine candi-
dates.45,46 In particular, illness onset can be carefully
monitored after virus inoculation, and this could either signal
an end-point for vaccine studies or a much more controlled
initiation of the first dose of a therapeutic agent. Importantly,
the duration and the size of the study population would be
reduced significantly. The world would not have to wait years
and companies would not have to spend millions of dollars to
know that a candidate vaccine does not work.
It is important to note that the experimental subjects of

Sabin included psychiatric patients and prison inmates. These
groups would today be considered protected populations as
described in the Belmont Report on Ethical Principles and
Guidelines for the Protection of Human Subjects of
Research.51 If human dengue challenge studies were to be
conducted today, they would need to be designed differently
to meet ethical standards.
In conclusion, the studies on dengue carried out by Sabin in

1944–1945 remain an important contribution to the dengue
literature and many of the seminal data remain the only avail-
able information on several facets of dengue infection. We
present a detailed analysis of the human experiments of Sabin
and, for the first time, provide access to clinical details on the
infected subjects involved.
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